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The Nature of the Cosmic Radiation 


W. F. G. Swann, Bartol Research Foundation of the Franklin Institute 
(Received March 4, 1935) 


On a view which regards the primary cosmic radiation 
as of charged corpuscular nature, it seems quite customary 
to regard the situation as one in which rays of a wide range 
of energy enter the atmosphere, pass through losing 
energy continually until they have completed their range, 
when they stop. If cosmic-ray intensity is measured by the 
number of rays per square centimeter per second per 
unit solid angle, or by something proportional thereto, 
the increase of cosmic-ray intensity with altitude is then 
ascribed to a situation in which the softer rays are more 
numerous in amount and describe shorter ranges. It is the 
custom to conclude, therefore, that the average radiation 
gets softer with increase of altitude. The purpose of this 


VIEW which maintains that the primary 

cosmic radiation is of a charged corpuscular 
nature has to face the experimental existence of 
an approximately exponential absorption law 
and at the same time a state of affairs in which 
each ray has a definite range. Over this range it 
produces ionization at a more or less constant 
rate which is of the same order of magnitude for 
an energy of 10° volts as for an energy of 10°, at 
which latter energy it has only a meter or so 
of its range left. It is only in this last meter, and 
indeed in the last part of that meter, that the 
ionization per centimeter amounts appreciably, 
and the total amount of ionization in this richly 
ionizing region is relatively small. On such a 
view the increase of cosmic-ray intensity with 
altitude is to be attributed to the softer, that is 
smaller energy ending their paths at 
altitudes which are greater the less the energy. 


rays, 


paper is to show that the foregoing view is completely 
erroneous and that if the distribution of energy of the in- 
coming rays is adjusted so as to give an exponential law, 
then the quality of the radiation is independent of altitude. 
In other words, the radiation at some altitude above sea 
level is obtainable from that at sea level by simply in- 
creasing in the same proportion the numbers of all of the 
rays of varying energies. The situation is, therefore, one 
which seems quite incapable of accounting for the fact that 
nuclear bursts in lead produced by the prishary radiation 
increase in number with altitude far more rapidly than 
the intensity of the cosmic radiation itself. 


If we define the cosmic-ray intensity J» for the 
zenith angle @ as the number of rays passing per 
second per unit solid angle per square centimeter 
of area with plane perpendicular to the direction 
defined by @, then the exponential law demands 
that J,=Ae-*", where R is the effective path 
length corresponding to the direction @. The 
number of the above rays which are absorbed in 
the range R to R+dR is the number which 
enter the atmosphere within the limits specified 
with energies between Ey and E»o+dEp, deter- 
mined by R and R+dR. This conclusion holds 
whatever may be the nature of the loss of energy 
by the rays provided only that it is sufficiently 
continuous along the path that rays of the same 
energy do not have a statistical distribution of 
ranges varying over limits which are appreciable 
compared with the effective thickness of the 
atmosphere. If R is proportional to 2», say 
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R=8E>, as would be the case where the energy 
loss occurred by a uniform ionization per centi- 
meter of path, the exponential nature of /, 
would involve an exponential law of the form 
BAe~**-d Ey for the number of rays entering the 
atmosphere within the prescribed limits and 
having energies between Ey and E»+dEo. The 
existence of such a state of affairs would be 
rather remarkable, and even though the energy 
loss were more complicated than that corre- 
sponding to uniform ionization, so that R might 
not be proportional to Eo, the exponential nature 
of J» would necessitate a peculiar law of energy 
distribution for which there would seem to be 
no obvious reason. It would be strange, indeed, 
if such law as existed should conspire in form to 
produce the relatively simple exponential law 
for J. 

However, the most significant feature is that, 
as we shall show, regardless of the nature of the 
energy loss, provided only that we measure in- 
tensity by the corresponding number of primary 
rays, or something proportional thereto, the 
existence of an exponential law for intensity 
necessitates that the quality of the radiation shall 
be the same at all altitudes. In contrast to what 
seems to be usually implied there is no such 
thing as the soft rays being found in proportional 
excess of the hard rays at high altitudes. Rays 
which are hard at high altitudes are rays which 
are softer (in the sense of smaller energy) at 
sea level. 

The reason for the foregoing statement is as 
follows : Let J, be the intensity for the direction @ 
as above defined, so that after path lengths R, 
and R; through the atmosphere in the direction 
6, we have, respectively, 


Iy,=Aer"™:; [y,=Ae**:, 


Thus 
(Te, — Ia) loa=1—e w(R,-R,) (2) 


The exponential nature of (1) has resulted in 
(le,—1e,)/Ie,, depending only upon R,—R. 
Now J¢, —J¢, is the number of rays which, within 
the prescribed limits of angle, etc., disappear in 
the distance R,.—R,. These are the rays which 
are within R;—R, of the end of their range; 
and this fact characterizes their energy range and 
the upper limit of that range. Eq. (2) tells us 
that, for the prescribed limits of angle, etc., the 
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number of rays below a certain assigned energy 
bears to the total number of rays a ratio which is 
independent of everything but the energy range 
specified and in particular a ratio which is in- 
dependent of the altitude. In other words the 
quality of the radiation is independent of altitude. 
The only affect of increased altitude is to increase 
the numbers of rays of all energies in the same 
proportion. 

Since on the foregoing views the quality of 
the radiation would be independent of altitude, 
all phenomena produced by the radiation should 
increase with altitude simply in proportion to the 
intensity as measured by the number of primary 
rays. The numbers of secondaries of all classes 
should increase with altitude in proportion to 
the primaries, and so, if the secondaries represent 
the things measured for the most part by our 
counter and ionization apparatus, the measured 
intensities should follow an exponential law. 
Moreover, the number of bursts (Hoffmann 
Stésse) of all sizes in lead for example, should 
increase exponentially with altitude in the same 
proportion as the cosmic-ray intensity itself. The 
last-named conclusion is drastically in opposition 
to the experiments of the Montgomerys' who 
found a twenty-five-fold increase of Stoss pro- 
duction in lead at the altitude of Pike’s Peak as 
compared with a fivefold increase of the apparent 
radiation itself. It is similarly in opposition to 
analogous experiments of RK. D. Bennett, G. S. 
Brown and H. A. Rahmel,? to the experiments of 
T. H. Johnson,’ and of B. Rossi and S. de 
Benedetti,‘ for showers of smaller numbers of 
rays. On the other hand, these experiments on 
increase of shower and Stoss production with 
altitude are in harmony with the idea that all 
the primary rays come for the most part right 
through the atmosphere, losing energy on the 
way and having a secondary or shower-producing 
efficiency proportional to the energy in the case 
of air, and to a higher power of the energy in 
the case of lead.’ This view leads, as the writer 


'C. G. and D. D. Montgomery, Phys. Rev. 47, 429 
(1935). 
?R. D. Bennett, G. S. Brown and H. A. Rahmel, in a 


paper presented at the Pittsburgh meeting of the Am. 
Phys. Soc., Dec. 27—29, 1934; Phys. Rev. 47, 339A (1935). 
*T. H. Johnson, Phys. Rev. 45, 569 (1934). 
*B. Rossi and S. de Benedetti, Ricerca Scient. 5, 1 
(1934). 


5’ W. F. G. Swann, Phys. Rev. 46, 828 (1934). 
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has shown, to an exponential law with altitude 
for the intensity of secondary or shower-pro- 
duction in air; so that, provided that our 
apparatus measures these secondaries for the 
most part, an exponential law is to be expected 
for the measured intensity. While in the paper 
cited, the case considered was that of a single- 
energy ray entering the atmosphere, this re- 
striction is not necessary. It may be worth 
while to explain this matter in detail, and to 
this end we shall restate the argument. 

Let n be the number of secondary rays pro- 
duced per centimeter of path of the primary of 
energy E. Let us then assume n=aE where a is 
a constant. Since the rays lose energy by pro- 
ducing secondary rays, 


dE/dx= —Bn= — Bak, 


where dx is an element of length of path, and 8 
is a constant. Thus 


E=Be-**-. and n=aBe-*-. 


It is easy to see that the number of secondary 
rays per unit solid angle per square centimeter 
per second is proportional to m, so that the 
intensity J, in the direction @ is given by 


I,= Ae *e2, 


where x is the path length through the homo- 
geneous atmosphere for the direction @. 

It will be noticed that the apparent absorption 
coefficient Ba is independent of the kind of ray 
which enters the atmosphere. There may be a 
mixture of all kinds of energies entering, and so 
a mixture of all kinds of energies at any altitude ; 
but all have the same apparent absorption 
coefficient at whatever part of their energy 
range they may be. This conclusion depends 


upon the constancy of 8, and so implies that the 
kind of secondaries produced is independent of 
the energies of the primaries for all of the energies 
concerned. This must be regarded as an approxi- 
mation which will be discussed in a subsequent 
communication. The essential thing is that, to 
this approximation, the law is exponential, and 
the existence of this law and the magnitude of 
the apparent absorption coefficient is inde- 
pendent of the existence of a wide range of 
energy entering the atmosphere. However, even 
a single energy, or narrow groups of energies, 
in the entering rays implies a resulting situation 
in which the quality of the primary radiation 
changes with altitude, and so provides for the 
creation of a natufal explanation of the rapid 
increase of Stoss production in lead with altitude. 
A sufficiently wide range of entering energies, 
while still giving an exponential law for measured 
intensity, would tend to iron out the quality 
variation with altitude, and so would impair the 
effectiveness of the theory in accounting for 
an increase of Stoss production in lead, with 
altitude, which is more rapid than the increase 
with altitude of the radiation itself. 

If we consider photons as the main agencies in 
the primary cosmic radiation, the story of the 
exponential law becomes, of course, rather 
definite. In its simplest form it involves the 
assumption of photons of one frequency, so that 
the quality of the radiation would again be 
independent of altitude and the same difficulties 
with regard to variation of Stoss production with 
altitude would occur. The story becomes com- 
plicated by the degradation of photon energy 
through Compton collisions, etc., but this is a 
feature which it is not the purpose of this paper 
to pursue. 
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Coincidence Counter Studies of the Variation of Intensities of Cosmic-Ray Showers 
and Vertical Rays with Barometric Pressure’ 


E. C. SteEvVENsON* AND Tuomas H. Jounson, Bartol Research Foundation of the Franklin Institute 
(Received March 4, 1935) 


Using three Geiger-Miiller counters in triangular arrangement below a lead plate 1.2 cm 
thick, cosmic-ray shower intensities at sea level were found to diminish with increasing barom- 
eter by the factor 0.00542 +0.00027 per mm mercury, corresponding to an exponential absorp- 
tion coefficient of 0.41 per meter of water. Vertical rays measured with three counters in line 
showed a barometer effect of 0.00362 +.0.00044 per mm mercury or 0.28 per meter of water. 
The showers are thus more sensitive to barometric changes than the total cosmic radiation as 
had been found by experiments at different elevations. 


HE ratio of the frequency of occurrence of 

cosmic-ray showers to the total cosmic-ray 
intensity has been found by several observers?~* 
to increase with elevation above sea level. Co- 
incidence counter studies by Johnson indicated 
an apparent absorption coefficient® for simple 
showers of 0.5 per meter of water and Rossi 
found changes in the intensities of slightly more 
complex showers corresponding to an absorption 
coefficient of 0.65 per meter of water. As further 
confirmation of these findings we have de- 
termined the dependence of shower intensities 
upon barometric pressure as it varies at a single 
station. 

Three bundles of counters were used, each 
containing three counters in parallel. The sensi- 
tive volume of a single counter was 20 cm long 
by 2.5 cm diameter. Each bundle was incased in 
an aluminum tube 9 cm in diameter. Coin- 
cidences between bundles were selected and 
recorded by means of a circuit already described.’ 
Recording dials were photographed automati- 
cally at intervals of one hour and barometric 
pressures for corresponding times were obtained 


*At present Research Fellow in Physics at Harvard 
University. 

! Presented at the Washington Meeting of the American 
Physical Society 1934. Phys. Rev. 45, 758 (1934). 

?T. H. Johnson, Phys. Rev. 45, 569 (1934); 47, 318 
(1935). 

> B. Rossi and S. de Benedetti, Ricerca Scient. (5) 1, 594 
(1934). 

*D. D. Montgomery and C. G. Montgomery, Phys. Rev. 
47, 339 (1935). 

5 R. D. Bennett, G. S. Brown and H. A. Rahmel, Phys. 
Rev. 47, 339 (1935). 

§ w= (1/I)dI/dh. 

™T. H. Johnson and J. C. Street, J. Frank. Inst. 215, 
239 (1933). 


from the reports of the Philadelphia Branch of 
the U. S. Weather Bureau. The apparatus was 
operated in a thin wooden structure on the roof 
of the Bartol Laboratory approximately 100 
meters above sea level. 

In the first run the tubes were arranged as 
indicated by the insert diagrams of Figs. 1 and 
2 and were covered by a lead plate 1025 1.2 
cm’. The duration of this run was approximately 
four weeks. The records for five days of this 
time are plotted in Fig. 1 where the solid line 
joins points representing the numbers of counts 
in four hour intervals, and the dotted line 
represents the variation of the barometer plotted 
on an inverted scale. It is clear that a distinct 
correlation exists between the two curves. 

In calculating the average barometer effect all 
of the shower rates corresponding to each 0.1- 
inch interval of the barometer have been aver- 
aged and the probable error of each average has 
been computed in the usual way from the dis- 
persion. These averages with their probable 
errors are plotted against barometric pressure in 
Fig. 2. The best straight line was found by a 
least-squares solution in which each point was 
weighted inversely as the square of its probable 
error. The solution is represented by the solid 
line, the slope of which gives the average 
barometer effect. The probable error of the 
slope is indicated by the two dotted lines. From 
the solution we find a barometer effect for this 
arrangement of counters of 0.00542+0.00027 per 
mm mercury, corresponding to 0.41 per meter of 
water. This accords with the value 0.5 found by 


altering the elevation. 
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Fic. 1. A five-day run showing the variation of showers with barometer reading. 
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Fic. 2. Average shower intensities vs. barometer reading. 


We have likewise determined the barometer 
coefficient of the vertical rays, using an arrange- 
ment of the same counters represented by the 
insert of Fig. 3. In this case the outside counters 
were separated 25 cm and the arrangement 
included rays within 17 degrees either side of 
the vertical in one dimension and 38 degrees in 
the other. The average counting rates with 
probable errors for each 0.1-inch interval of 
barometer are plotted in Fig. 3 and from the 
least-squares solution we find a barometer effect 
of 0.00362 +0.00044 per mm mercury or 0.28 per 
meter of water. According to the four-component 
analysis of Bowen, Millikan and Neher*® the 


*1. S. Bowen, R. A. Millikan and H. V. Neher, Phys. 
Rev. 44, 264 (1933). 
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average vertical absorption coefficient at sea level 
should be 0.325 per meter of water which agrees 
satisfactorily with our value. 

These experiments have confirmed our ex- 
pectation that the shower intensities would have 
a higher barometer effect than the total radi- 
ation. However for added confirmation a third 
experiment was made with the arrangement rep- 
resented by the insert of Fig. 4. In this case the 
double coincidences of the two vertical counters 
were recorded simultaneously with the triple 
coincidences and the ratio of triples to doubles 
was computed for each hourly interval. The 
ratios were then subjected to an analysis similar 
to that described above. The average values of 
the ratio for each interval of the barometer are 
represented in Fig. 4 and from these, by least- 
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squares analysis, we find a barometer effect of 
0.0019+0.00079 per mm mercury. It is noted 
that the barometer effect for the ratio is equal, 
within the probable errors, to the difference 
0.0054 —0.0036= 0.0018 of the barometer effects 
found for showers and verticals individually. 

We conclude that the showers at sea level are 
either produced to a greater extent by a soft 
component of the primary radiation which 
becomes filtered out to a greater extent in the 
case of the higher barometric pressures, or, as 
suggested by Swann,’ the intensity of showers 
in equilibrium with a corpuscular primary radi- 
ation is greater for lower barometric pressures 
where average energies are greater. 


*W. F. G. Swann, Phys. Rev. 46, 828 (1934); 47, 250 
(1935). 
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The Absorption of Sunlight by the Earth’s Atmosphere in the Remote Infrared 
Region of the Spectrum 


Artuur Apet, V. M. StipHer AND E. F. Barker, Lowell Observatory and University of Michigan 
(Received February 4, 1935) 


Spectroheliometric observations on the absorption spectrum of the Earth's atmosphere have 
been extended from 5x to 214. The long wave limit of transmission imposed by the atmosphere 
occurs at 13.5u. It is occasioned primarily by v2 of CO; and to a lesser extent by v2 of O;. The 
carbon dioxide absorption blends with the pure rotation spectrum of water vapor at approxi- 
mately 174 to render the region beyond 13.54 opaque to stellar radiation. 


INTRODUCTION 


HERE are several reasons why an analysis 

of the remote infrared telluric spectrum is 
consequent to our spectral studies of planetary 
atmospheres. With the ultimate application of 
high resolution to the study of fine structure of 
the atmospheric absorption bands we shall be 
possessed of an excellent means of determining 
not only the atmospheric content of the ab- 
sorbing gases, but certain atmospheric tempera- 
tures and pressures as well. Thus, for example, 
we shall be able to ascertain the mean tempera- 
ture and pressure as well as the content of the 
ozone layer. Furthermore, it is of considerable 
importance to locate the atmospheric windows; 
that is, regions in the spectrum through which 


stellar radiation can reach the Earth’s surface. 
Finally, the most important single factor in- 
fluencing the climate of our planet is the atmos- 
phere’s reaction to radiation emitted by the 
Earth’s solid and liquid surface; that is, the 
“blanketing effect,"’ an accurate treatment of 
which requires a knowledge of just that region 
of the telluric spectrum observed in the present 
investigation, since the near-black body emission 
of the Earth's surface is almost entirely confined 
to the region between 5yu and 50x. 


THe NEAR INFRARED TELLURIC SPECTRUM 


Inasmuch as the present work marks the con- 
clusion of an investigation initiated almost a 
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Fic. 1. Lamansky’s curve. 


century ago, a brief résumé of the early work 
in the field will not be amiss. 

In 1840, forty years after Sir William 
Herschel’s discovery of the infrared spectrum, 
Sir John Herschel published the first record 
showing absorption regions in the near infrared.' 


The publication of Lamansky in 1871 may be con- 
sidered to represent the extent of the knowledge of this 
region then attained.? Lamansky used the thermopile to 
map out the energy in the solar prismatic spectrum, and 
exhibits a plot, here reproduced (Fig. 1) which shows three 
great gaps in the infrared radiations. He concurs in the 
belief (then common) that the infrared rays are strongly 
absorbed by the atmosphere.* 


The first systematic analysis of the near infra- 
red telluric spectrum was begun by S. P. Langley 
in 1881, and completed by him with the assist- 
ance of C. G. Abbot about 1900, most of the 
work being done at the Astrophysical Observa- 
tory of the Smithsonian Institution in Washing- 
ton, D. C.* The study was made with an auto- 
matic recording spectrometer equipped with a 
rocksalt prism as dispersing element and bolom- 
eter as detecting element. The spectrum, as 
indicated in Fig. 2, covers the region from 
Fraunhofer’s A to a point beyond 5y. Table I 
contains an interpretation of Langley and 
Abbot’s spectrum in terms of the fundamental 


TABLE I. Interpretation of the near infrared 
telluric spectrum. 











Region Absorbing molecule Band designation 
v’’ =n’ =0 
A 0.764 Or 1l—>*r 
per 0.92 H,O 2v; +p; 
b 1.1 H,O Vit Pa TPs 
v 1.4 H,O vy +P; 
Q 1.9 HO Vo Ps 
b 4 2.6 HO v) and ¥ 
Y 43 Cr de v3 
4.7 Os V3 








‘J. Herschel, Phil. Trans. 130, 1 (1840). 
7M. S. Lamansky, Monatsberichte der Kéniglichen 
Akademie der wissenschaften su Berlin (1871). 

*Annals of the Astrophysical Observatory of the 
Smithsonian Institution 1 (1900). 
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frequencies of vibration of the absorbing mole- 
cules responsible. The justification and explana- 
tion of the interpretation will be made clear at a 
subsequent point in the paper. 

In the light of the introductory remarks, the 
desirability of a systematic prolongation of this 
work into the remoter infrared regions is evi- 
dent. 


por 





Fic. 2. The near infrared telluric spectrum. 
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THe REMOTE INFRARED TELLURIC SPECTRUM 


The investigation to be described in this 
section was carried on shortly after the winter 
solstice of 1934. The latitude of our observing 
station at Ann Arbor, Michigan, is 42° 17’. The 
declination of the Sun for our chief observations 
was about —23°. In consequence the Sun’s 
altitude was between 24° and 25°; hence the 
path of sunlight through our atmosphere was 
approximately two and one-half times the zenith 
air path. This factor must, of course, be included 
when we compute the quantities of the absorbing 
gases traversed by the Sun’s radiation. 

For middle latitudes, the distribution of gases 
in our atmosphere is given by Table II.‘ Up to 


TABLE II. Percentage distribution of gases in the atmosphere. 











Gases 
Total 
Height Water pressure 
(km) A N vapor O CO, H He (mm) 
140 — 0.01 — — - 99.15 0.84 0.0040 
130 — 0.04 — — — 99.00 0.96 0.0046 
i200 — 019 —- O— — 98.74 1.07 0.0052 
110 — 0.67 0.02 0.02 — 98.10 1.19 0.0059 
100 — 2.95 0.05 0.11 - 95.58 1.31 0.0067 
90 — 9.78 0.10 0.49 88.28 1.35 0.0081 
80 — 32.18 0.17 1.85 64.70 1.10 0.0123 
70 0.03. 61.83 0.20 4.72 — 32.61 0.61 0.0274 
60 0.03 81.22 0.15 7.69 — 10.68 0.23 0.0935 
50 0.12 86.78 0.10 10.17 — 2.76 0.07 0.403 
40 0.22 86.42 0.06 12.61 — 0.67 0.02 1.84 
30 0.35 84.26 0.03 15.18 0.01 0.16 0.01 8.63 
20 0.59 81.24 0.02 18.10 0.01 0.04 — 40.99 
15 0.77 79.52 0.01 19.66 0.02 0.02 — 89.66 
11 0.94 78.02 0.01 20.99 0.03 0.01 — 168.00 
5 0.94 77.89 0.18 20.95 0.03 0.01 — 405. 
0 0.93 77.08 1.20 20.75 0.03 0.01 — 760. 








an altitude of 30,000 meters the data are taken 
directly from observation, while those for greater 
elevations are derived by computation. The 
amount of gas present at a given elevation is 
given in terms of the percentage of the total 
pressure at that elevation for which the gas is 
responsible. For example, at sea level CO, gas 
contributes 3/100 of 1 percent of the 760 mm 
pressure. 

To be effective in infrared (rotation-vibration 
band) absorption, a molecule must exhibit 
changes in electric moment. Consequently, of 
the molecules listed in Table II, only CO, and 
H,O are of immediate concern. Using the in- 


‘Humphrey, Physics of the Air, Chap. V. 























AND BARKER 
oO Cc oO # oO oo Qo. oO 90 
Vv — ° ~ j ; 
Zé“ 2. 74“ 9.6—~ 
¥ : j 8 ? ; 
\, f “> f 
/4.3 626 /4./ 
¥ Oe <0 Or one “9 
-~ “o - ~ 
43 2.66 47 




















Fic. 3. Normal vibrations of CO., HO and Os. 


formation contained in Table II, we compute 
that in the zenith direction the COs, content of 
the atmosphere is the equivalent of approxi- 
mately two meter-atmospheres, while the water 
vapor content is the equivalent of approximately 
thirty meter-atmospheres. Hence, at the time 
of our observations, solar radiation traversed 
some five meter-atmospheres of CO, and some 
seventy-five meter-atmospheres of water vapor. 
There is still another atmospheric constituent, 
not listed in Table II. It is ozone and is active 
in infrared absorption. The ozone molecule exists 
for the most part above the eleven kilometer 
limit; that is, in the isothermal region, where the 
water vapor content is exceedingly small. In 
the presence of water vapor, ozone forms oxygen. 
The ozone layer is equivalent to approximately 
3/1000 meter-atmosphere in the zenith direction, 
the ozone path, therefore, having been about 
75/10,000 meter-atmosphere during the experi- 
ment.’ These, then, are the three molecules 
which are responsible for the infrared absorption 
spectrum of the Earth’s atmosphere: water 
vapor, carbon dioxide and ozone. Fig. 3 gives 
the fundamental vibrations of the molecules. 
The ozone molecule is definitely not linear. 
It is isosceles but not equilateral, as might first 
be thought. It is clear that if the molecule were 
equilateral, it would be inactive in infrared 


6 


absorption. 


* E. and V. H. Regener, Physik. Zeits. 35, 788 (1934). 

*O;: Hettner, Pohlman and Schumacher, Zeits. f. 
Physik 91, 372 (1934); H,O: Freudenberg and Mecke, 
Zeits. f. Physik 81, 465 (1933); CO.: Adel and Dennison, 
Phys. Rev. 43, 716 (1933); 44, 99 (1933). 
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Fic. 4. The remote infrared telluric spectrum. 


The water molecule is also isosceles with a 
valence angle of approximately 104° 36’. 

The molecule of carbon dioxide is both linear 
and symmetrical. 

Radiation from the sun, after traversing the 5, 
75 and 75/10,000 meter-atmospheres of carbon 
dioxide, water vapor and ozone, respectively, 
was directed by a heliostat through a tunnel into 
the sub-basement spectrometer rooms of the 
laboratory. 

All mirrors in the optical circuit between the 
heliostat and spectrometer, inclusive, were neces- 
sarily front silvered because of the opacity of 
glass to A>3y. 

The spectrometer employed in the investiga- 
tion has been carefully described.’ A few remarks 
will, therefore, suffice for the present discussion. 
The instrument makes use of both the Wads- 
worth and Littrow principles. It is equipped with 


? Randall and Strong, Rev. Sci. Inst. 2, 585 (1931). 


a 60° potassium bromide prism and possesses a 
range which extends to about 30. It is self- 
recording and is operated in conjunction with an 
amplifying system which eliminates drift of the 
zero position.* A mica shutter was used, thereby 
practically eliminating short wavelength con- 
tamination. The advantages of such a system 
as the above are manifold and self-evident. 

The complete circuit from heliostat to spec- 
trometer inclusive, forms the spectroheliometer 
with which the telluric spectrum was examined 
from below 54 to 214. Curves made on different 
days all agree in number and character of the 
absorptions but differ somewhat in intensity 
distribution depending upon the type of day 
(clear, hazy, etc.). The curve reprinted im Fig. 4 
was taken on January 2, 1935 (a particularly 
clear day) within an hour each side of solar noon. 
Although measurements were carried out to 21,, 








*’F. A. Firestone, Rev. Sci. Inst. 3, 163 (1932). 
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Fic. 5. The blanketing effect of the earth's atmosphere. 


the curve shows no need for extending the meas- 
urements beyond 13.5y. 13.54 marks the cut-off 
of the Earth’s atmosphere for stellar radiation. 
As Table III shows, the curtain is occasioned by 
ve of COz and by v2 of O;.° The carbon dioxide 
absorption blends with the pure rotation spec- 
trum of the water vapor molecule at approxi- 
mately 174 to render the region beyond 13.5u 
opaque to stellar radiation." The remaining 
principal absorptions are also interpreted in 
Table III. Other minor absorptions are present, 
but their classification is being postponed until 
the high dispersion analysis, now in progress, 
has been completed and applied to render the 
interpretation certain. 

It is evident that the regions 8y—-9u, and 
10u-124 can serve as excellent windows for 


Taste III. 7 a of the remote infrared 
telluric spectrum. 











Region Absorbing molecule Band designation 
5 Su H ,0 Ve 
9- 1 Ou ( ds v; 
13.5-~ 17% CO, v9 
( Is ve 
~ 17 po H,O Pure rotation 








* The assignment of frequencies to the ozone bands is 
provisional. Assurance can be gained only after further 
resolution of the bands. In any case, the major absorptions 
of ozone occur at 4.74, 9.44, and 14.24. According to the 
figures cited above, our atmosphere contains approxi- 
mately 700 times as much carbon dioxide as it does ozone. 
Carbon dioxide is therefore much more effective in the cut- 
off than is ozone. 

% Weber and Randall, Phys. Rev. 40, 835 (1932). Of 
course, in the spectral region of radio waves, the atmos- 
phere again becomes transparent. 


extra-terrestrial observations (temperature of 
the Moon, etc.). 

To the well-known limit of transmission of 
stellar radiation imposed by our atmosphere in 
the ultraviolet we add the limit imposed in the 
remote infrared, thereby defining the range 
accessible for investigation. 

The limits of the great regions of absorption as 
well as their extent have now been defined, 
making it possible to indicate the extent to which 
the atmosphere blankets the radiation emitted 
from the surface of the Earth." 

Considered as an approximate black body at a 
temperature of 287° absolute, the emission spec- 
trum of the Earth’s surface is that shown in 
Fig. 5. The small curve at the left depicts the 
approximate distribution of energy in sunlight. 
The average rate of supply of energy at the 
Earth’s surface is approximately equal to the 
average rate of loss of heat energy at the Earth's 
surface. Thus, on an average, the areas under 
the two curves would be made equal in a dis- 
cussion relative to a given area of the Earth's 
surface. In any case, it is easily seen that the 
selective absorption exercised by the atmosphere 
is no obstacle to the transmission of the bulk 
of the solar energy to the Earth’s surface 
(approximately 40 percent of the solar energy 
arriving at the outskirts of our atmosphere is 
ultimately scattered and reflected back into 
interplanetary space); but selective absorption is 
a very decided obstacle to the escape of this 
energy after conversion by the Earth into its 
long wave emission spectrum. The shaded regions 
indicate the spectral regions of almost complete 
opacity, while the blank regions indicate the 
spectral ranges of considerable transparency. 

The authors wish to express their indebtedness 
to Professor H. M. Randall for the use of the 

automatic recording spectrometer and to the 
American Academy of Arts and Sciences and 
the Faculty Research Council of the University 
of Michigan for grants-in-aid. 


“Annals of the Astrophysical Observatory of the 
Smithsonian Institution 2 (1908). 
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The Infrared Spectrum and Molecular Constants of Hydrogen Iodide 


Atvin H. NreLSEN' AND HARALD H. Nie_sen, Mendenhall Laboratory of Physics, Ohio State University 
(Received February 18, 1935) 


The fundamental and first overtone bands of hydrogen iodide have been méasured under high 
resolution and the lines in the positive and negative branches in both bands have, respectively, 


been fitted to formulae of the form: 


» = a + bm + cm® + dm’. 


The molecular constants vo, Jo, Band C as defined by Colby depend directly upon the constants 
a, b, c, d and have been determined from these measurements, their values being 


vo = 2309.58 cm™, 


Io =4.221 K 10 g cm!, 


B=0.822x10", C=6.058. 





HE vibration-rotation spectra of the hy- 

drogen halides are extremely well known,’ 
with the exception of hydrogen iodide which has 
never been investigated. It has seemed worth 
while also to measure this spectrum and to deter- 
mine certain of the constants of the molecule 
from the information furnished by the funda- 
mental and first overtone bands. A prism-grating 
spectrometer of a conventional design with a 
two-meter collimating mirror and a grating ruled 
by Wood with 3600 lines to the inch was available 
for these measurements. The cell used for con- 
taining the gas under investigation was a glass 
tube 30 cm long fitted with polished rocksalt 
windows. It was found that the same cell could 
be used for measurements on both the funda- 
mental and the harmonic bands, for while the 
harmonic is much less intense than the funda- 
mental, the galvanometer deflections there were 
many times greater than in the region of the 
fundamental so that the variation in deflections 
upon passing over a line was in both cases of the 
same order of magnitude. Also the recording in- 
strument was extremely steady and the back- 
ground quite free from atmospheric lines. The 
slit width in the region of the harmonic included 
about 2.9 cm and readings were taken at 
intervals of 1.2 cm™ along the curve. In the 
region of the fundamental the slit widths were 
equivalent to 0.8 cm~ and here readings were 
taken at intervals of 0.4 cm™. 





1 Honorary Fellow in Physics, Ohio State University. 

? Randall and Imes, Phys. Rev. 15, 152 (1920); E. S. 
Imes, Astrophys. J. 50, 251 (1919); Meyer and Levin, 
Phys. Rev. 34, 44 (1929); Plyler and Barker, Phys. Rev. 
44, 984 (1933). 


5 


8: 


The cell was filled to atmospheric pressure 
with hydrogen iodide, prepared, quite free from 
impurities, by dropping hydriodic acid on phos- 
phoric anhydride and subsequently trapping out 
all water and iodine vapor. 

Curve (a), Fig. 1, which is a composite curve 
of a number of runs over this region, shows the 
lines of the fundamental band which has its 
center at 4.5y. The lines in the positive branch 
were somewhat falsified by overlapping with the 
strong carbon dioxide fundamental at 4.34, but 
the transmission curve as here shown, has been 
rectified to take this into account. It is worthy 
of note that the lines in this band are extremely 
sharp, a characteristic to be expected since no 
isotopes of iodine are known. The lines in both 
branches may quite well be fitted to the formula: 


v’ = 2230.08+12.73m —0.160m*®F0.0005m', (1) 


where m is the ordinal number of the line counted 
outward from the center. In Table I is given the 


TABLE |. The fundamental band. 











m Observed » Computed » ence 
+6 2300.61 2300.59 +0.02 
+5 2289.34 2289.67 — 33 
+4 2278.34 2278.41 — 07 
+3 2266.95 2266.82 + .13 
+2 2254.71 2254.90 — .19 
+1 2242.59 2242.65 — 06 
—1 2217.34 2217.19 + .15 
—2 2204.08 2203.98 + .10 
—3 2190.49 2190.46 + 03 
—4 2176.82 2176.63 + .19 
—5§ 2162.55 2162.49 + .06 
—6 2148.04 2148.05 — 01 
—7 2133.29 2133.30 — Ol 








~ 
































586 A. H. NIELSEN AND H. H. NIELSEN 
460 4504. 440p. pre 
2 | 
Ss} 
6 | 
mal Pp ‘ I | I A | | | I | f 
Ast ~ Neangenend Ch aanialk ms - ms Oe Oe il a LJ Y | 
2! SO cm" 2200cm 22 50cm 2300 cm 
CURVE (a) 
2355p 2350p 2254 
” 
Ss 
NN III 
“«P 
N ae \ \ 
— 4 —————— —EE EE | 
4250cm"* 4300 cm 4350 cm* 4400 em 4450 cm 
CURVE (bb) 


Fic. 1. Absorption spectrum of hydrogen iodide. 


observed frequencies of the lines, the frequencies 
of the lines as calculated from (1) and the differ- 
ences between the observed and calculated fre- 
quencies. 

The harmonic band lies at 2.34 and is shown 
in curve (b), Fig. 1, which again is a composite 
of the several runs made over this region. As in 
the case of the fundamental it has been possible 
to fit the lines in both branches to a formula 


v’’ = 4380.71+12.54m —0.370m?+0.0005m', (2 


where again m is the ordinal number of the line 
counted outward from the center. Table II gives 


TABLE II. The harmonic band. 


Differ 


m Observed » Computed » ence 

+8 4457.37 4457.35 +0.02 
+7 4450.27 4450.19 + .08 
+6 4442.28 4442.53 — 35 
+5 4433.66 4434.10 — 43 
+4 4424.81 4424.92 — 11 
+3 4414.81 4414.99 — .18 
+2 4404.33 4404.31 + 02 
+1 4392.99 4292.88 + .11 
—1 4367.80 4367.80 .00 
—2 4353.72 4354.15 — 43 
—3 4339.09 4339.77 — .68 
—4 4323.68 4323.66 — 02 
—§ 4308.13 4308.82 — .69 
—6 4292.33 4292.25 + .O8 
-7 4275.41 4274.97 + .44 


the observed frequency positions of the lines, the 
frequency positions as calculated from Formula 
(2), and the differences between the observed 
and calculated values. 

It is now possible to determine the constants 
vo, Io (and ro), B and C as defined by Colby® in 
his analysis of the bands in hydrogen chloride, 
these molecular constants depending directly 
upon the numerical constants in Formulae (1) 
and (2). The numerical values of these constants 
for hydrogen iodide as determined from the 
observed band data are 


T,>= 4.221 K 10-* ¢ tm’, 
C=6.058, 


vo= 2309.58 cm™, 
B=0.822 x 10-5, 
ro= 1.600 * 107° cm. 


The value of vp as here determined may be seen 
to differ from the value predicted by Ruark and 
Urey* by about 40 cm™ while our value for J» is 
in good agreement with the value 4.3146 x 10-*° 
g cm® given by Czerny® determined from meas- 
urements made on the pure rotation spectrum 


of HI. 


*W. F. Colby, Phys. Rev. 34, 53 (1929 

*Ruark and Urey, Atoms, Molecules 
McGraw-Hill Book Co., New York, p. 383. 

5 Czerny, Zeits. f. Physik 45, 476 (1927). 
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Isotope Shift in Mg I 


R. F. BACHER AND R. A. Sawyer, Columbia University and University of Michigan 
(Received February 25, 1935) 


The lines of the Mg I spectrum, lying in the visible and 
in the photographic infrared regions, have been examined 
and some of them found to show structure. It is pointed 
out that the structure should be attributed to isotope 
shift, which, in the case of the 3s3p'P—3s3d'D series, 
owes its origin to the fact that the smd 'D terms, perturbed 
by the p*?'D term, have passed on to this term some of 
their isotope separation, which, in the unperturbed case, 
would have been the same as that of 3s3p'P and thus 
unobservable. This perturbation is discussed in connection 


INTRODUCTION 


T is a well-known fact that very often the 

spectral lines of different isotopes of the same 
element have different wavelengths. The shift in 
wavelength, which is caused by a relative dis- 
placement of the initial and final energy states, 
has been attributed entirely, in the case of light 
elements, to the mass difference of the isotopes. 
For example, the mass difference of the isotopes 
has been shown by Hughes and Eckart' to 
account for the observed shift in Li, and, 
although the agreement with experiment is none 
too good, the observed separations in Ne have 
been attributed by Bartlett and Gibbons? to 
the mass difference alone. It seems, therefore, 
that for light elements, the mass effect is the 
most important factor. For the heavier elements, 
on the other hand, this factor is almost negligible, 
since the relative change in mass from one 
isotope to another is too small to account for 
the rather large displacements which have been 
observed. Consequently, the shift must be 
accounted for by some difference in the nuclei 
other than the difference of their masses, and 
the suggestion has been made that it is the ex- 
ternal fields of the isotopes that are in some way 
different. It has been found* that if the same 
nuclear density is assumed, the change in radius, 


' D. S. Hughes and C. Eckart, Phys. Rev. 36, 694 (1930). 

? J. H. Bartlett and J. J. Gibbons, Phys. Rev: 44, 538 
(1933). 

*J. H. Bartlett, Nature 128, 408 (1931); G. Racah, 
Nature 129, 723 (1932); J. E. Rosenthal and G. Breit, 
Phys. Rev. 41, 459 (1932); G. Breit, Phys. Rev. 42, 348 
(1932). 


with the observed shifts, and it is found possible to corre- 
late the observed shifts with the calculated displacements 
of the 3smd'D energy levels produced by the ~* 'D per- 
turbation, with satisfactory agreement. Since the observed 
patterns show two components, they cannot be attributed 
to mass effect, which would give three nearly equally 
spaced components. Furthermore, the shift is in the wrong 
direction to be accounted for by the usual! assumption that 
heavier isotopes have larger radii, and, consequently, 
looser binding of electrons than the lighter isotopes. 


due to the increase in the number of particles, 
is sufficient to account for the observed dis- 
placements for heavy elements such as Hg, TI 
and Pb. The elements mentioned above occur at 
either end of the periodic table; it was with the 
hope of obtaining some information about an 
“intermediate” element that the following study 
of Mg I was undertaken.‘ 


EXPERIMENTAL 


The Mg I spectrum was excited in a hollow 
cathode discharge tube, so constructed that the 
cathode was outside and could be cooled in 
water or liquid air, as the occasion demanded. 
The inside of the cathode was lined with mag- 
nesium foil. It was found, in general, that the 
sharpness of the lines was increased more by 
lowering the current than by cooling with liquid 
air. The spectrum was studied with a Fabry- 
Perot interferometer, used in conjunction with a 
glass spectrograph of the Littrow type. A variety 
of plate separations up to 29.5 mm was used. 
The lines investigated extended from 4500 to 
48800, and various types of photographic plates 
were employed, sensitized Eastman I-P plates 
being very satisfactory for the far red. 


RESULTS 


Fig. 1 gives an energy level scheme of Mg I 
showing the lines which have been investigated. 


* Several of the lines of the Mg I spectrum (AA5711, 4571, 
5184, 5173 and 5167) have been examined previously and 
found to be single by Murakawa, Zeits. f. Physik 72, 793 
(1931). . 
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Fic. 1. Energy level scheme of Mg I showing lines which 
were studied. 


44571 (3s? 'S—3s3p *P,). This line is found to 
have two components, a strong one at say, 
Av=0 and a very much weaker one at 0.083 cm™. 

AS184, 5173, 5167 (3583p *Po12 — 3545 *S). These 
strong lines in the green show no structure under 
any of a variety of excitation conditions. With 
low currents and liquid-air cooling these lines 
become increasingly sharp. 

48807 (3s3p 'P—3s3d'D). This line has been 
investigated with several different plate separa- 
tions. In general, it was necessary to use currents 
of 75 milliamperes or more through the dis- 
charge tube in order to obtain sufficient intensity. 
The line was found to consist of a strong central 
component with a weaker component on the 
high frequency side, at a separation of 0.082 
cm™. Fig. 2 is a section of a microphotometer 
tracing of one of the photographs of this line 
showing the two components. It is estimated 
from the areas under the microphotometer curves 
that the two lines have intensities approximately 
in the ratio of 7 to 2. 

A5528 (3s3p 'P—3s4d'‘D). This line shows a 
structure similar to \8807 except that the separa- 
tion is smaller, Ay=0.065 cm~', the weak com- 
ponent being on the high frequency side. 

44703 (3s3p 'P —3s5d 'D). The fringes for this 
line show a definite asymmetry but the com- 
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Interferometer 
separation 29.5 mm. » increases to the left. 


Fic. 2. Microphotometer trace of A8807. 


ponents are not sufficiently well separated to 
measure. The structure appears to be of the 
same type as that of \8807 and 45528, but with 
still smaller separation. On the basis of a meas- 
urement of the line width, an estimated upper 
limit for this separation is 0.061 cm™. 

\5711 (3s3p 'P —3s5s 'S). There is some asym- 
metry to the fringes for this line, which suggests 
that it may have structure. If so, it is definitely 
much narrower than 5528. 

44730. This line is faint, but its fringes seem 
to be sharper than those of 44703. 


DISCUSSION OF RESULTS 


The most interesting lines which have been 
studied are those of the 3s3p 'P — 3smd 'D series, 
all of which have structures of the sort that 
arises from isotope shift. In the case of these 
lines, moreover, it was found possible to show 
that, since they are not expected to show hyper- 
fine structure, their structure can be attributed 
to isotope shift alone. Any hyperfine structure 
which the 3s3p'P and 3smd'D terms would 
possess would necessarily be due either to (a) 
deviation from Russell-Saunders coupling, (b) in- 
teraction of the outer electrons with the s 
electron, or (c) perturbation by another level. 
Of the above, (a) and (b) can be immediately 
eliminated: The first because the sd and sp 
configurations in Mg I are in very good Russell- 














ISOTOPE 


Saunders coupling, and under these circum- 
stances it is known’ that neither the 'D’s nor 
'P will have hyperfine structure; the second, 
because, since in both the initial and final states 
the s electron has a total quantum number which 
is the same as or smaller than the other outer 
electrons, it will be the most intimate with the 
nucleus and would be considered mainly re- 
sponsible for hyperfine structure if any did 
exist. As for (c), although the 'D series is 
perturbed’ by the 3p? 'D to such an extent that 
the singlets all occur below their triplets, the 
p?'D will have no hyperfine structure to pass 
along, since it contains no s electron outside the 
core. The conclusion is, therefore, that hyperfine 
structure in these lines would be negligible and 
that the observed structure should be attributed 
to isotope shift. 

Magnesium is from the work of 
Dempster, to have three isotopes with mass 
number M= 24, 25, 26, and abundances in the 
ratios 7:1: 1. The appearance of only two 
components in the lines must mean, then, that 
the components from two of the isotopes fall 
together. Since Mg2, must certainly be in the 
strong component, possibly together with Mges 
or Mges, the weak component may correspond- 
ingly be either Mge; or Mgos or both together. 
A measurement of relative intensities should 
decide this point. For \8807 an estimate of the 
relative intensities from the areas of the micro- 
photometer traces gave 7 : 2. From this rough 
intensity estimate it would appear that Mg; and 
Mgzs fall together in the weaker component. 
It is hoped to settle this point definitely by more 
exact intensity measurements. 

Now if the isotope shift were due to mass 
effect alone, the line pattern would be three 
components nearly equally spaced, for both 
the ‘“‘normal”’ effect and the “specific” effect are 
closely proportional® to 1/.M, and so the isotopes 
with AJ=24, 25 and 26 would be very nearly 
equally spaced. In the observed lines it is not 


known, 


-  epipeenae and R. F. Bacher, Phys. Rev. 34, 1501 
(1929). 

* From the work of Goudsmit (Phys. Rev. 43, 636 (1933)) 
one can find that a(3s)=0.050 g(J); a(3p4)=0.011 g(J) 
and a(3p:43)=0.002 g(J) cm™. Using these values and 
taking g(J)=1 for example, one finds (Breit and Wills, 
(Phys. Rev. 44, 470 (1933)) A(sp'P)=0.003 cm and 
A (p? 1D) =0.004 cm™ which would be negligible. 

7 R, F. Bacher, Phys. Rev. 43, 264 (1933). 
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possible, with the abundance ratios as they are, 
for the Mges to be midway between the other ° 
two components, as there is a definite minimum 
on the microphotometer curve between the two 
observed components. Thus it appears that the 
isotope shift cannot be accounted for entirely on 
the basis of mass effect. 

It is rather difficult, since the isotopes form a 
set of levels which do not have intercombina- 
tions, to get from the observed lines to the 
possible level scheme. In general, since the 
isotopes probably differ most in the immediate 
neighborhood of their nuclei, it may be assumed 
that the largest isotope effect will be for those 
configurations with the most s electrons. On this 
basis, the 3s3p'P—3smd'D series should show 
no relative shift. But the 'D terms are not pure, 
being perturbed by p* 'D, and this perturbation 
does give a relative shift. Accordingly, a large 
isotope shift should be assigned to 3s3p'P and 
smaller ones to the 3smd'D series, the shift 
increasing for the higher members. If such 
assignments are made, however, it is necessary 
that either or both of the isotopes of mass 25 
and 26 have their electrons more tightly bound 
than the isotope of mass 24 in order for the faint 
component to appear, as it does, on the high 
frequency side. If this tighter binding is to be 
accounted for by assuming different nuclear 
radii, Mgs, would necessarily have a larger 
radius* than the heavier isotopes, whereas it is 
ordinarily assumed that larger radii accompany 
larger number of particles. These isotope shifts 
can, of course, also easily be accounted for by 
postulating that the nuclei differ in other 
respects. 

If it is true, as stated above, that the 'D 
series shows structure in its combinations with 
3s3p 'P, because of the perturbation of p? 'D, it 
should be possible to correlate this perturbation 
with the information which is available about the 
displacement of the energy states. It has pre- 
viously been shown’ that when wave functions 
extrapolated from Hartree functions by the 





* In this respect the structure observed here is somewhat 
similar to several other elements, as Ne, Cu and Zn. See G. 
Hansen, Naturwiss. 15, 163 (1927): R. Ritschl, Zeits. f. 
Physik 79, 1 (1932); H. Schiller and H. Westmeyer, Zeits f. 
Physik 81, 565 (1933). This difference between Cu and Zn 
and the heavier elements has been pointed out by Schiller 
and Westmeyer, Zeits. f. Physik 82, 685 (1933) 
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Slater method are used, the nondiagonal matrix 
‘ elements are sufficiently large to explain the 
presence of 3s3d'D below *D. The numerical 
agreement was rather poor, however, probably 
because the value of the 3d function which was 
used. In addition, this function also gave the 
unperturbed levels too widely separated. If a 
hydrogen function is used for 3d, and the other 
wave functions are retained, the singlet-triplet 
separation, while diminished greatly by the 
perturbation, does not change sign. It is pro- 
posed here to fix the unperturbed levels arbi- 
trarily some place between the position they 
occupied with the Hartree functions and the 
position they would occupy with a hydrogenic 3d, 
and to fix the higher unperturbed levels by a 
series with constant quantum defect. The dis- 
placement 6, due to the perturbation can then 
be determined from the observed levels. In 
terms of the two unperturbed terms E)(p? 'D) 
and E,o(smd'D) and the nondiagonal matrix 
element of the electrostatic interaction we can 
now write 

(p? 'D| V| smd 'D)? 


~ Eo(smd "D) —Eo(p* *D) 





If all the smd 'D’s have an isotope shift « and 
we say that ~* 'D has relatively no isotope shift, 
then the amount of shift which will be passed 
along? will be 

(p? 'D| V| smd 'D)*e 


, 


om = ' ; 
[Eo(smd ID) — Ey(p? 1—) ? 


bno 


Eo(sd 'D) — Eo(p? ‘D)’ 
om is the observed separation in the sp'P 
—smd 'D series. Inserting the values of 4,,, the 
unperturbed states, and the observed separation, 
one should be able to obtain the same value of o 
from each series member. They are indeed 
approximately the same (see Table I) and this 
agreement is not greatly affected by reasonable 
changes in the location of the unperturbed 


* This method of procedure is closely analogous to that 
used by Whitelaw, Phys. Rev. 44, 544 (1933), in the study 
of multiplet separations which were due to perturbation. 
Here, however, the various levels have the same quantum 


number J. 
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TABLE I. Absloute term values and energy displacements 
measured in cm™. 





3smd'D 3smd*D 3smd 'D 








Unper- Ob- Ob- 
m turbed served served i, Gar o 
3 ™~12000 13715 15269 3269 0.082 0.386 
4 ~ 6775 7480 8537 1762 0.065 0.375 
5 ~ 4350 4704 5364 ).460 


1014 =0.061 = 





p? '(D=~ — 3400 cm". 


sd'D levels. This explanation of the origin of 
the isotope shift in these particular lines seems 
to be in accord, both qualitatively and quanti- 
tatively, with the position of the energy levels 
themselves. It is thus also apparent why the 
isotope shift in the (3s3p'P—3smd'D) lines 
decreases more slowly than the displacement 6,, 
as one goes to higher series members, though 
their origin is the same. 

The presence of structure in the 3s3p'P 
—3sms'S series, which has been observed but 
not resolved, is undoubtedly due to the same 
cause. It is smaller because the perturbing term 
(p? SS) is much farther away and because the 
lowest member observed is for m=5. 

The structure of the lime A4571 (3s*'S 
—3s3p*P,) is probably due to isotope shift also, 
if one is to judge from its structure, though here 
the possibility of hyperfine structure in the 
initial state cannot be excluded. 

The green lines \A5184, 5173, 5167, (353) *Pore 
— 2s4s*S,), which were found sharp, would be 
expected to show practically no isotope shift on 
the basis of inner s electrons, of which each 
state has one. There is, furthermore, no reason 
for believing that either the initial or final level 
is perturbed to any extent. 


CONCLUSION 


Structure has been observed in several of the 
Mg I lines and, in particular, in the 3s3p'P 
—3s3d'D series. The structure is 
attributed to isotope shift, since it is charac- 
teristic and since these lines are not expected to 
show hyperfine structure. The relative separa- 
tions of the series members are in agreement 
with the idea that the structure arises because 
the 3s3d'D terms have passed on to the p*'D 
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some of their isotope separation which, in the 
unperturbed case, would have been the same as 
that of 3s3p'P and would thus not have been 
observed. 

It has been concluded that the observed 
structure cannot be due to mass effect alone, 
since, in that case, three components, nearly 
equally spaced, would be expected. It is also 
pointed out that the shift is in the wrong 
direction to be accounted for by a‘difference in 


nuclear fields caused by the fact that the isotopes 
with larger number of particles have larger radii. 
It is possible, and even probable, that the change 
in the fields in the neighborhood of nuclei is due 
to other causes, as well, and it is suggested that a 
survey of isotope displacements may yield valu- 
able information in this connection. 

The experimental work reported here was done 
in 1933 in the Physics Laboratory of the Uni- 
versity of Michigan. 
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The Scattering of Protons on Protons 


W.H. WELLS, Department of Terrestrial Magnetism of the Carnegie Institution of Washington and Johns Hopkins University 
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A technique for obtaining large numbers of high energy 
proton-tracks in hydrogen with a Wilson cloud chamber is 
described. The recoil-particles from cellophane bombarded 
by polonium alpha-particles were used as a source of 
protons. The velocity distribution of a sample of 500 
protons is given. Over 15,000 stereoscopic views containing 


INTRODUCTION 


HE recent interpretations of Heisenberg! and 

others of the structure of the heavier nuclei 
as composed of protons and neutrons in close 
combination make any experimental evidence 
about the interaction of protons at close dis- 
tances of primary importance. With the tech- 
nique developed in the present experiments it is 
entirely possible to obtain more detailed exper- 
imental information of the laws governing proton- 
proton interaction. In view of the time that will 
be required to take and to analyze the large 
numbers of photographs necessary for conclusive 
evidence about the proton-proton interaction, it 
is felt appropriate to give an account of the 
methods used and the results obtained thus far. 
These results will serve to delineate the useful- 
ness of a cloud chamber in attacking this problem 
and will thus be of value in any future work 
using either radioactive or high voltage sources 
of high energy particles. 


' Heisenberg, Zeits. f. Physik 77, 1 (1932); 78, 156 (1932). 





above 200,000 tracks of protons in a 90 percent hydrogen- 
10 percent air mixture have been obtained. Of the thirty- 
three intimate proton-proton collisions two were within 
the region of anomalous scattering of alpha-particles by 
hydrogen. The closest distance of approach realized experi- 
mentally was 6.1 10-" cm. 


For central and glancing collisions of alpha- 
particles on He and H nuclei, the following 
critical distances have been found within which 
the Coulomb interaction was no longer valid? 

On He On H 


3.5X10-" cm 4x10-" cm 
14.0 10-" cm 8x 10-" cm 


Central collisions 
Glancing 


Taylor’ was able to show, by assuming an 
interaction energy of the kind applied by 
Gamow* to the radioactive nuclei, that the main 
features of the earlier experiments could be 
accounted for without departure from the con- 
ception of a spherically symmetric field for an 
alpha-particle. In the above-mentioned experi- 
ments the failure of the Coulomb interaction 
might be ascribed either to the structure of the 
He nucleus alone or to both the He and the H 
nuclei. Further information on this point can be 


? Rutherford, Phil. Mag. 37, 537 (1919); Chadwick and 
Bieler, Phil. Mag. 42, 823 (1921); Rutherford and Chad- 
wick, Phil. Mag. 4, 605 (1927). 

* Taylor, Proc. Roy. Soc. A136, 605 (1932). 

‘Gamow, Atomic Nuclei and Radioactivity. . 
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F1G. 1. Recoil proton-source. 


obtained by determining the laws of scattering 
of protons by protons at close distances of 
approach. 

The Wilson cloud-chamber offers a means of 
attacking this problem by using the type of high 
energy proton-source here described, since com- 
plete information can be obtained both as to 
angles and energies for each close collision. 


CLoup CHAMBER AND RECOIL PROTON-SOURCE 


The cloud chamber used was of the sylphon- 
bellows type, constructed from an earlier oil- 
sealed piston type. The chamber measured 18 cm 
internal diameter, 6 cm deep with water used for 
the floor of the chamber to give adjustable depth. 
The chamber proved to be very dependable in 
operation, the expansion ratio was not changed 
and the chamber remained sealed throughout the 
time required to photograph over 15,000 expan- 
sions. 

The recoil-proton source as finally developed 
is shown in Fig. 1. In order to avoid contamina- 
tion by recoil aggregates, the interior of the 
chamber was separated from the proton-source 
by a thin aluminum window. A cellophane target 
bombarded by polonium alpha-particles was used 
as a convenient source of protons. At the place 
marked ‘‘vent’’ several small channels were cut 
in the rim of the target holder to allow free access 
of air to the space between the target and the 
window. This was necessary to avoid contam- 
ination from the brittle bombarded cellophane 
in case a break should develop in the aluminum 
window. The cellophane and the aluminum foil 
each had 3.5 cm air-equivalent stopping power 
for alpha-particles. The polonium source was of 
approximately 10 millicuries, prepared by Dr. 
Hafstad from radon tubes secured from Dr. J. A. 
Bearden and supplied through the courtesy of 
Dr. C, F. Burnam and Dr. F. West of the Kelly 
Hospital, Baltimore. 


Fig. 2 shows a stereoscopic pair of photographs 
of a typical expansion. As can be seen, there were 
always a few old diffused tracks present. This 
was due to the type of shutter found to be neces- 
sary. A magnetically operated shutter between 
the target and the window, so reduced the solid 
angle of the beam that only a few proton-tracks 
appeared per expansion. However, it was found 
that a vertical plate, attached to the floor of the 
chamber and covering the window only when 
the chamber was compressed, proved to be a 
better compromise than reduction in the number 
of tracks. 

Fig. 3 shows the velocity distribution of a 
sample of 500 proton-tracks obtained in suc- 
cessive expansions. The apparent rapid decline 
in the number of protons as the velocity falls 
below 10° cm sec.~' was due to the experimental 
impossibility of obtaining many resolved tracks 
in the immediate vicinity of the source. The 
method of obtaining the reduced range in air 
with the corresponding velocity is described in 
the next section. 

In the upper right-hand corner of Fig. 2 the 
range-gauge can be seen. This consisted of a thin 
nickel wire with a weak source of polonium de- 
posited on the tip. This source was of strength 
sufficient to give one alpha-particle every few 
expansions. The shutter for this source consisted 
of a hollow tube attached to the floor of the 
chamber, with an opening in one side which de- 
termined a conveniently small solid angle for the 
alpha-particle. Such a shutter was found to be 
necessary, since only a few old tracks from a 
source without a shutter were sufficient to 
obscure any clear track formation in that half of 


the chamber. 


RESULTS OF CLOSE COLLISIONS OF PROTONS 


Blackett and Lees® have obtained the experi- 
mental curve relating reduced air range of 
protons with the corresponding velocity. Follow- 
ing their results this reduced air range was 
obtained from the measured proton ranges in 
the 90 percent hydrogen-10 percent air mixture 
used in the chamber 

For this conversion to the reduced air-range, 
the range of a standard alpha-particle in the 


* Blackett and Lees, Proc. Roy. Soc. A134, 665 (1932). 
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same mixture must be known. This was obtained 
by reprojection of the alpha-particle tracks from 
the range-gauge described above. In practice it 
was found that the ranges ol the longest tracks 
clustered closely about a mean, thus giving a 
good value for the polonium alpha-particle range 
in the particular gas mixture used 

From the photographs collisions of protons 
with protons could be distinguished from col 
lisions with heavier atoms by the following cri 


teria l The angle between the nuclei departing 
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from the collision must have been ninety degrees, 
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pical expansion 
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2) the angle the longer spur made with th 
initial direction could not be greater than forty 
tive degrees, (3) neither of the spurs could have a 
component antiparallel to the direction of the 
incident proton 

If in a collision V and R were the velocity and 
residual reduced range of the incident particles, 


I. and R 


the corresponding quantities for the 
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longer spur making an angle @ with the initial 
direction, Ve, Ry and @ those for the shorter spur, 
then the values of V., and V» were sufficient to 
determine the value of V provided energy was 
conserved in the collision. In all of the proton- 
proton collisions observed the collision was co- 
planar within the accuracy of measurement. 
From the measured lengths of the spurs of a 
collision the values of R, and R» as reduced air- 
ranges were computed following the method of 
Blackett and Lees. From their curve the values 
of V, and V» were obtained, and assuming con- 


servation of energy it follows that, 
V2= V+ Ve. 


From this value of V the corresponding value of 
R was then obtained as outlined above. 

In a collision of two identical particles it is 
clearly impossible to distinguish between the 
incident and the recoil-particles after the col 
lision. Thus there are two possible values of the 
energy-exchange in a collision which give experi- 
mentally similar results. Hence for the inter- 
pretation of the present results it was adopted as 
a convention that after the collision the incident 


particle retained the major fraction of its energy. 


\ proton-proton collision of high energy-exchange, the longer spur being of 3-cm 
the plane of the collision contains the axis of one of the camera 


In Fig. 4 the values of ¢ and V are shown for 


the thirty-three collisions of proton on proton 
obtained in this series of photographs. It can be 
seen from this distribution that no large devi- 


ations accrued from what would have been 
expected theoretically. 

The distribution diagram gives a better idea of 
what was undoubtedly the actual distribution of 
scattered particles if one blocks out the cells 
between R 


the analysis of the photographs collisions were 


0 to 12 mm, and @=0° to 15°. In 


rejected as not surely those of protons on protons 
if one of the spurs was too short to determine 
@+6=90° within a reasonable degree of accu 
racy. Since these rejec ted collisions were those of 
small energy-exchange, hence of small @ as well 
as of small \, it is seen that the three lower left 
hand cells were deprived of population by the 
experimental method necessary in the analysis. 
The data obtained were not sufficient to justify 
a quantitative comparison of the population of 
the cells in the diagram with the numbers to be 
expected theore tically. 

The distance of closest approach of the two 
colliding particles on the assumption of Coulomb 
from the formula 


interaction was computed 
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\ proton-proton collision of low energy-exchange lying nearly in a horizontal plane, the 
longer spur being of 5-mm length in the chamber. 
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iG. 7. An alpha-particle from the range gauge source shown because of its unusual career. 
effect of displaced tracks is shown when the alpha-particle passed through the region 
viously traversed by a proton. The track found by the expansion appears to go both above 
| below the proton track. At the end of the track the alpha-particle made a close collision 
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vith a light atom, one of the recoiling particles then made another collision with large angle of 
leviation, the other recoil particle making two successive large angle deflections i 
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given by Darwin.® In the present case this 
becomes 
D= (2e/v’m)(1+ csc ¢ 


where e and m are the charge and mass of the 
proton and ¢ is the angle the particle having the 
major fraction of the energy after the collision 
makes with the direction of the incident particle, 
and V is the velocity of the incident particle at 
the instant of the collision. 

That some of the recorded collisions were 
within the region of anomalous scattering of 
alpha-particles on hydrogen can be seen from 
Table I. 

The efficiency of the cloud chamber in obtain 
ing information concerning close proton collisions 
is indicated by the distribution of the thirty 


] A\BLI l. The di lances of close sf approacn reaiised in 
ten most intimate collisions. 


| < 10° cm sec.' o D (X10 cm 
11.09 35.0 6.1 
10.28 $1.7 6.5 
12.04 17.9 8.1 
10,92 20.7 x SN 
10.02 26.4 8.9 
10.57 21.6 9.1 
&.84 33.1 9.9 
10.96 17.3 10.0 
9 94 20.1 10.9 
12.09 12.0 10.9 


Darwin, Phil. Mag. 27, 499 (1914 





PABLI 1] 
No. No. 
Limits of D occurring Limits of D occurring 

Oto 5K10 cm 0 50 to 60 10 cl 0 
5 to 10 s 60 to 70 2 
10 to 20 11 70 to 80 0 
20 to 30 SS SO to 90 1 
30 to 40 0) 90 to 100 1 
40 to 50 2 


three collisions suitable for measurement given 
in Table II. 

In eight of the thirty-three collisions, from a 
total of over 200,000 tracks of protons in hy- 
droge n, the distance of closest approat h was less 
than 1010~" cm. Of these eight, two were 
within the region of anomalous scattering ob 
served by Rutherford, Chadwick and Bieler in 
their experiments. 

Figs. 5, 6 and 7 show further interesting ex 
amples of the original photographs obtained by 
this method. 

The author wishes to express his appreciation 
of the assistance and encouragement of Professot 
J. A. Bearden of the Johns Hopkins University 
under whose immediate direction this work was 
done, and of Dr. J. A. Fleming, Director of the 
Department of Terrestrial Magnetism of the 
Carnegie Institution of Washington and of 
members of the staff of that Department, where 


the experimental work was carried out 
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Disintegration of Nitrogen and Boron and Possible Emission of Deuterons 


ERNEST PoLLARD* AND WiLtiAM W. Eaton, Yale University 
(Received February 14, 1935) 


An account is given of the technique of detecting nuclear 
particles by the use of a proportional counter, and its 
advantages and limitations are discussed. The counter 
was used to investigate the disintegration of nitrogen and 
boron by alpha-particles. In the case of nitrogen no group 
which could be ascribed to deuterons was found while for 
boron the presence of a short range group of about the 
expected energy, first found by Heidenreich, was con- 


firmed. The values of the magnetic deflections of particles 
from both elements were compared with those for known 
protons and deuterons of the same velocity and shown to 
be protons in each case. Further evidence for resonance 
was found in the experiments on nitrogen and the work of 
Heidenreich and Paton confirmed in the experiments on 
boron. 





I. INTRODUCTION 


T the present time three electrical methods 
of detection of nuclear particles are in use, 
namely, electrometer detection, linear amplifier, 
and proportional (Geiger-Klemperer) counter. 
The technique of the last method has not been 
fully developed and in the first part of this paper 
an account is given of the experimental arrange- 
ment and properties of a proportional counter 
suitable for detection of protons or alpha-particles 
produced in nuclear transmutations. 

The Geiger-Klemperer counter' utilizes ion- 
ization by collision to multiply the initial 
ionization produced by a nuclear particle in a 
gas. It is operated with a negative voltage on 
the case surrounding a small ball, the voltage 
being just lower than that which is necessary for 
a momentary discharge if ions are produced 
near the ball. Under these circumstances the 
negative ions on their way to the ball produce 
further ions by collision, the multiplication of 
ions in this way being of the order of 1000. 
Such a counter has advantages for two reasons: 
First, the rapidity of collection of the ions 
renders it suitable for use with a high frequency 
oscillograph and hence for the detections of 
protons in the presence of y-rays; second, the 
multiplication of ions gives a larger voltage rise 
to the ball than to the collecting electrode of a 
linear amplifier so that fewer stages of ampli- 
fication by tubes are needed. This means the in- 
strument is comparatively free from electrical 


* Sterling Fellow. 
1H. Geiger and O. Klemperer, Zeits. f. Physik 49, 753 
(1928). 


disturbances which in crowded research labora- 
tories are prime factors in slowing up the rate of 
work. Since the initial ionization is linearly mul- 
tiplied, heavy charged particles can be detected 
in the presence of 8, y and x-rays. 


II. EXPERIMENTAL ARRANGEMENT 


The experimental arrangement for using a 
proportional counter has been described by 
several workers * by whom it was developed for 
the purpose of counting in the presence of 8 and 
y-rays. The general procedure is to detect the 
impulses with an oscillograph after amplification 
by a tube amplifier whose gain depends on the 
multiplication factor of the counter and the 
sensitivity of the oscillograph. With the excep- 
tion of the input tube any standard design of 
amplifier giving proportional amplification is 
suitable (if counting in the presence of 8 and 
y-rays is required the coupling between two of 
the tubes should be through a small condenser 
to give distortion favoring sharp impulses).* The 
amplifier here described has proved satisfactory 
and the details will be given briefly later on. The 
important points of construction are in the 
counter design and the input tube. Details of 
these follow. 

The counter consists of a brass cylinder 
roughly 8 cm long and 4 cm diameter, closed at 
the end by a disk with a hole of about 2 cm 
diameter. A fine platinum wire ending in a small 


? H. Franz, Zeits. {. Physik 63, 370 (1930); H. Klarmann, 
Zeits. f. Physik 87, 411 (1934); W. E. Duncanson and H. 
Miller, Proc. Roy. Soc. Al46, 413 (1934). 

°C, E, Wynn-Williams and F. A. B. Ward, Proc. Roy. 
Soc. A131, 391 (1931). . 
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Fic. 1. Electric circuit of counter and amplifier. 


ball is soldered into the end of a brass rod, and is 
placed axially in the cylinder, insulated from it 
by an ebonite plug. A guard ring is not necessary. 
The brass rod is connected by a shielded cable to 
the grid of a triode. Surrounding the counter case 
is a grounded brass cylinder whose end can be 
covered by copper disks with holes of various 
sizes; this grounded cylinder is not absolutely 
necessary but helps to reduce electrical dis- 
turbances. A high potential source which was 
either a bank of dry batteries or a smoothed 
transformer-rectifier device (designed by Dr. 
C. D. Bock of this laboratory) has the negative 
end connected to the counter case, the positive 
being grounded. A 2 microfarad condenser and 
resistance is placed across the battery as indi- 
cated in Fig. 1, which gives the complete con- 
nections of the counter and amplifier. The first 
tube is placed in a small copper box while the 
remainder of the amplifier is mounted on a small 
table on wheels—everything being cased in 
copper, with a shielded cable leading from the 
table to the first tube box. The second tube and 
connections are shielded in a separate copper 


case. 


The ball used in the counter was made by 
melting fine platinum wire (about 1/20 mm in 
diameter) in an oxygen-gas flame. The ball is 
then clean and needs no further preparation. 
Several times during the work the counter began 
to give spontaneous discharges which were re- 
moved by reheating the ball in an ordinary 
blowpipe flame. The larger the ball the less likely 
the occurrence. The voltage at which the counter 
operates depends critically on the size of the ball. 
For a ball of diameter 100u the critical voltage 
range lies in the region 1800—1900; of half a mm, 
in the region 2500-3000. In the first case, the 
sensitive voltage range covers about 30 volts; in 
the second case about 200 volts. These values 
apply to atmospheric pressure. 

With a large counter opening (2 cm in di- 
ameter), the number of particles counted from a 
proton beam containing particles of all energies 
depends sharply on the voltage which must be 
kept perfectly steady. This is not so important 
with openings of less than 1 cm diameter but the 
exacting nature of this condition is the principal 
disadvantage of this method of counting. We 
found dry batteries sufficiently steady for experi- 
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Fic. 2. Sample photographic record of oscillograph. 


ments lasting a few days. The reason for the 
variation in numbers lies in the sensitivity of 
detection. In a completely inhomogeneous beam 
there is no lower limit to the size of a deflection 
since there is no lower limit to the ionization 
produced by each particle; thus conditions must 
be kept perfectly steady if consistent counts are 
to be obtained. It is therefore also important to 
keep the heater current of the first tube constant; 
this was watched with an open scale ammeter 
and kept at a fixed value with a good rheostat. 

The counter opening could be made effective 
over the whole of 2 cm diameter by using a half 
mm ball set 4 cm from the end of the counter and 
keeping the voltage within 25 volts of that at 
which individual 8-rays could be detected. It is 
doubtful if the particles entering at the edge of so 
large an opening could be detected in the face 
of heavy y-radiation. 

The first tube of the amplifier was of the type 
76. This was chosen since it is a heater triode 
operating with a relatively low anode resistance 
(which reduces possible electrical pick-up where 
a long lead has to be used to connect to the next 
stage). Heater triodes are much less sensitive to 
mechanical and acoustic disturbances. The grid 
leak was 10° ohms made from ten 10-megohm 
resistors: a grid bias of —4.5 volts was used. The 
ratio of deflection to background is very sen- 
sitive to the heater current and this must con- 


sequently be adjusted carefully to give uniform 
results; the current depends on the grid leak and 
on the anode resistance, and the optimum value 
can be found only by trial and error. 

The remainder of the amplifier is sufficiently 
described by Fig. 1. The second tube was type 
75; third and fourth 240; fifth 41.4 The counter 
can be made to record on the oscillograph if the 
third and fourth tubes are omitted providing the 
instrument’s sensitivity is much lower (propor- 
tional to 1/frequency*). For higher frequencies 
greater amplification is needed. The ratio of de- 
flection to electrical disturbances is about the 
same for high and low frequencies. The oscillo- 
graph is of the type described by Wynn-Williams*® 
which is easily constructed and reasonably simple 
to use. The deflections of the light spot were re- 
corded photographically. The camera is of the 
rotating drum type, consisting of a brass drum 
about four inches in diameter rotating inside a 
brass cylinder on one side of which is a long 
adjustable slit whose width can be varied be- 
tween 5/1000 and 100/1000 inch. The drum 
carries photographic paper (Eastman ‘‘News”’ 
Bromide) of width 8 inches (12-inch width can 
be taken if necessary) and is driven by a friction 
drive between a brass disk attached to the drum 
and a leather rimmed wheel fixed to a telechron 





‘For the general features of amplifier design see J. R. 
Dunning, Rev. Sci. Inst. 5, 387 (1934). ‘ 
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synchronous motor. The rate of rotation can be 
varied with ease and the synchronous motor 
does away with the need of a time scale. The 
whole is placed on wheels and moves along rails, 
being driven slowly across the light spot by a 
rack and gear wheel, thus producing a helical 
trace on the paper wound around the rotating 
drum. We find that this type of recording is 
much more convenient than the use of strip film 
or paper and is much less expensive both in the 
initial cost of the camera and the running cost 
of the paper. Some of the records are shown 
in Fig. 2. 


III. Emission oF DEUTERONS IN NUCLEAR 
TRANSMUTATIONS 


The possibility of the emission of deuterons in 
nuclear reactions has been suggested by F. 
Perrin® who proposes in particular the existence 
of a group of about 7-cm range when polonium 
alpha-particles bombard nitrogen, the suggested 
reaction being 

eHet+ ;N“= ,0'F+,D*. 


There is a general improbability of the detection 
of deuterons in all such reactions since the frac- 
tional part of the mass of the deuteron is so high 
that its formation requires considerable energy 
which must come either from the energy differ- 
ence between the bombarded nucleus and product 
nucleus, or from the incident alpha-particle. 
Thus if we have a general reaction, 


eHe*'+A= B+,D? 


the difference of mass ,He‘—,D? is almost always 
less than the difference of mass B—A, so that 
outside energy is needed to liberate the deuteron. 
In the nitrogen reaction ,He‘—,D* is roughly 
1.989 while the difference ,O''—;N" is 1.992 so 
that an alpha-particle bringing energy greater 
than 0.003 mass unit can liberate a deuteron. 
A polonium alpha-particle of range 3.9 cm has 
an energy of 0.005 mass unit and so has suf- 
ficient energy. Accurate calculation assuming 
the masses: ,sHe'= 4.00216; ;N“= 14.0080; ,O"* 
= 16.0000; ,D*®=2.01363 gives a group of 
deuterons of range about 5 cm. F. Perrin uses 
the mass ,D*®=2.0115 and estimates 7 cm. 
Pollard® has found a group of particles of range 





5 F. Perrin, Comptes rendus 194, 2211 (1932). 
*E. Pollard, Proc. Roy. Soc. Al41, 377 (1933). 
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6.6 cm when nitrogen is bombarded by alpha- 
particles, but considers they are protons pro- 
duced by resonance. An inspection of the various 
possible reactions taking place under alpha- 
particle bombardment shows the reaction : 


sHe*+ ;BY= .C”®+,D* 


to be the one giving the greatest possible energy 
to the deuteron. The calculated range assuming 
the masses ,B”=10.0135 and ,C"= 12.0036 is 
about 16 cm. A group of particles of range 14 cm 
has been found by Heidenreich.’ This group could 
therefore be explained as being deuterons. It is 
of interest that in both these reactions the 
angular momentum would be conserved and 
hence on Goldhaber’s* suggestion they should 
be classed as ‘‘probable.’’ Other nuclear reactions 
do not give sufficient energies to the deuteron 
to make its detection feasible. 


IV. THe REACTION 
eHe*+ N= gO'*+,D? 


The products from the bombardment of a 
layer of nitrogen by polonium alpha-particles 
were first examined for the presence of a short 
range group, not due to resonance, produced by 
full energy alpha-particles. The nitrogen (air) 
was placed in a tube whose end was closed by a 
gold foil of air equivalent about 9 mm and the 
whole placed about 2 cm distant from the open- 
ing of the counter. By moving the source relative 
to the foil, different thicknesses of air could be 
bombarded. With the source near the foil alpha- 
particles penetrating it could bombard and pos- 
sibly disintegrate nitrogen nuclei in the air 
outside. By placing screens of aluminum between 
counter and foil the yield of the disintegration 
particles could be plotted against absorption in 
their path. Such curves are shown for three 
positions of the source, namely, 3.0, 1.4 and 0.8 
cm from the foil (Fig. 3). In the first case a group 
of 6.5 cm is weakly shown; in the second this 
group is entirely absent; in the third it appears 
strongly. The explanation of this group is there- 
fore that it is due to resonance at alpha-particle 
ranges of about 2.2 cm, which are effective in the 


“Ss "Heidenreich, Zeits. t. Physik 86, 675 (1933). 


* M. Goldhaber, Proc. Camb. Phil. Soc. 30, 561 (1934 
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layer near the counter in the third case, ineffec- 
tive in the gold foil in the second, and effective 
inside the tube in the first case. The geometrical 
conditions explain the variation in definiteness 
of the group since it is greatly favored in the 
third case, by being produced so near the counter. 
The rapid fall at range 8 cm in the first experi- 
ment is due to this reason also, since the longer 
range protons are produced near the source and 
hence have a smaller solid angle for entering the 
counter. From the first two curves it is possible 
to deduce that the maximum width of the re- 
sonance level extends from 1.7 cm to 2.4 cm 
alpha-particle range and that its yield is 40 
percent of the main group which is known to be 
excited by particles of ranges 3.0 cm to the full 
range of 3.87 cm.* These experiments therefore 
show no short range group which is not explain- 
able by resonance with alpha-particles of range 
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Fic. 4. a distribution of disintegration particles from 
boron bombarded by polonium alpha-particles. 


2.2 cm. Any group of deuterons produced by 
alpha-particles of range 2.2 cm would have a 
range too small to detect and hence the emission 
of deuterons is unlikely. A more direct test was 
made (as described later) in which the magnetic 
deflection of the particles was investigated. 


V. THe REACTION 
5B’ +.Het= eC” +,D? 


The experiments of Heidenreich’ showed the 
existence of a group of range 14 cm when full 
range polonium alpha-particles bombard boron. 
To verify this a layer of boron was deposited on 
gold foil from a suspension in alcoho! and placed 
at the end of a glass tube through which oxygen 
could be passed. The source was placed 6 mm 
from the layer and the counter was brought up 
near the outside of the gold foil. As in the pre- 
vious experiment the interposition of aluminum 
screens enabled the yield versus range curves to 
be plotted. The resulting curve is shown in Fig. 4. 
The presence of two groups is clearly shown, one 
of range 11 cm, the other of range 25 cm. Since 
the maximum range of the alpha-particles im- 
pinging on the target is here 3.3 cm the ranges 
of the groups would be expected to be less than 
those found by Heidenreich. The 25 cm group 
corresponds to a nuclear energy change which 
was first found by Bothe and has been confirmed 
by several workers.’ The products of total range 
less than 16 cm were therefore examined by 
magnetic deflection to see if they were deuterons. 


*See H. Miller, W. E. Duncanson and A. N. May, 
Proc. Camb. Phil. Soc. 30, 549 (1934). : 
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Fic. 5. Arrangement of magnetic deflection apparatus. 


VI. MAGNETIC DEFLECTION APPARATUS 
The early experiments of Rutherford and 
Chadwick” showed that the magnetic deflection 
of particles resulting from alpha-particle impacts 
with four elements (N, F, Al, P) was consistent 
with their being protons. These experiments 
were made before the knowledge of the existence 
of groups of particles of different velocities and 
hence would not decide whether a particular 
group is deuterons or protons. Moreover, boron 
was not investigated. In designing a method for 
observing magnetic deflection the principle of 
Rutherford’s method was followed, with the 
refinements of electrical counting and of isolation 
of a limited velocity band for deflection. In the 
case of nitrogen we made the added improvement 
of placing the bombarded gas outside the space 
in which deflection occurred. The arrangement of 
apparatus is shown in Fig. 5. E is an evacuated 
flat brass box about an inch thick, with windows 
at C, and C; covered by thin foils of aluminum of 
about 2 cm air equivalent. The aluminum was 
supported by thin strips of brass let endwise into 
the box as indicated. A brass block, F, which just 
fitted inside the box was placed as shown so that 
a straight line from the center of the right-hand 
window past the tip of F intersects the left-hand 





1” Rutherford, Proc. Roy. Soc. A97, 374 (1920); Ruther- 
ford and J. Chadwick, Phil. Mag. 44, 417 (1922). 


window about a quarter of its width from the 
top. This is shown by a dotted line in the figure. 
At B could be placed a solid target such as thin 
paper, Ca(OD):, or powdered boron, which was 
bombarded by the alpha-particles from the 
source at A. Or else a gas could be circulated 
between the source and the window by means of 
the tubes DD. As a result of the disintegrations 
being produced in the target, particles moving in 
all directions enter the space E across which 
magnetic fields up to 13,700 gauss can be applied. 
With no field, a relatively small number of par- 
ticles can pass through the right-hand window 
and reach the counter G, which is supported in 
an ebonite mounting /. A field which bends the 
paths of the particles downwards (designated as 
a positive field) increases the number striking the 
window until a maximum is reached when any 
further increase in field causes as many particles 
to be deflected past the window as are deflected 
into it. The position of this maximum cannot be 
simply calculated from the ill-defined geometrical 
conditions, but comparison with experiments 
using known protons in a given velocity range 
showed it to be clearly marked. A negative field 
of course deflects the particles away from the 
window (>. The distance FC; was made about 
one-half FC, this being the ratio of the areas of 
the window openings. The results of applying 
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Fic. 6. Results of applying different fields to known 
protons from onion skin paper. 


different fields to known protons from onion skin 
paper are shown as circles in Fig. 6. 

In order to isolate reasonably narrow velocity 
bands use was made of the rapid variation of 
range with velocity. With the apparatus as in 
Fig. 4 a particle could be detected with a range 
(after entering the field) of 3 cm. The velocity 
corresponding to this is 1.510° cm/sec. for a 
proton, or 1.2 10° cm/sec. for a deuteron.’ If 
a screen of absorption 6 cm air equivalent is 
placed between C; and the counter the minimum 
detected range is 9 cm corresponding to a proton 
velocity of 2.1 x 10° cm/sec. of a deuteron veloc- 
ity of 1.7x10° cm/sec. Then if curves are 
plotted for the difference between the counts 
with and without screen a velocity band of 
1.8+0.3 x 10° cm/sec. is chosen for protons and 
1.45+0.25 x 10° cm/sec. for deuterons. Although 
for a given range, deuterons have only 80 percent 
the velocity of protons, the ratio of the masses 
makes the radius of curvature of the deuteron 
paths 1.6 times that of the proton paths. Thus 
for a given range group of particles it is possible 
to distinguish clearly between protons and 
deuterons. In Fig. 6, the crosses give the curve 
for protons of range greater than 9 cm while in 
Fig. 7, similar curves are given for a beam of 75 
percent deuterons produced by bombarding a 
layer of Ca(OD).+Ca(OH), with Po alpha- 
particles. That the protons are deflected more 
easily as the field ranges from high negative to 


1 W. E. Duneanson, Proc. Camb. Phil. Soc. 30, 110 
(1934). 
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Fic. 7. Effect of applying different fields to a beam of 75 
percent deuterons. 


high positive values is clearly shown by a com- 
parison of the curves. 

It is of interest that if the maximum range of 
particles greater than 9 cm range is about 25 
cm then the highest velocity present is 2.8 x 10° 
cm/sec. for protons or 2.4X10*° cm/sec. for 
deuterons. Hence these particles a'so lie in a 
reasonably defined velocity band, namely, 2.45 
+0.35 x 10° cm/sec. for protons and 2.05+0.35 
for deuterons. 

The method of investigation therefore consists 
in placing the layer of element to be disintegrated 
at B and observing whether the difference 
between the yields of emitted particles for 3.0 
and 9.0 cm range varies with the field like 
protons or deuterons as deduced from Figs. 6 
and 7. 


Results for boron 


A layer of boron of about 2 cm air equivalent 
was deposited on gold foil of 0.9 cm air equivalent 
by spraying a suspension in absolute alcohol. 
This gives rather more uniform layers than 
deposition from suspension. The absorption when 
no screen was placed before the counter was 8.3 
cm so that the short group was detected. The 
difference between the yields with and without 
screen was found for six values of the field, the 
accuracy being greater for the three points with 
positive field. The values are shown as circles in 
Fig. 8 with known proton and deuteron curves 
for comparison. It will be seen that the fit is 
much closer with the proton curve than with the 
one for deuterons. The high values for. negative 
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Fic. 8. The circles show the difference in yield of 
disintegration products from boron with and without 
absorbing screen for different field strengths. 


fields are probably accounted for in part by fluc- 
tuations and also by the fact that the beam from 
boron contained more protons near the upper 
limit of velocity than the comparison beam. Even 
if these suggestions are discounted it is possible 
to say that no more than 10 percent of the par- 
ticles counted can have been deuterons. Since 
natural protons were known to be present in 
amounts roughly 50 percent of the boron par- 
ticles this means that only one-sixth of the boron 
group can have been deuterons. The explanation 
of the short group must therefore be in terms of 
protons. 

While these experiments were in progress 
Paton has shown" that under bombardment by 
8.6 alpha-particles boron emits particles of 
range 25.5 cm in a direction at right angles to 
the alpha-particles. The corresponding range for 
this group if produced by 3.3 cm particles along 
their original direction would be 11.7 cm, which 
is in good agreement with the value here found. 
The value found for the nuclear energy change is 
— 1.68 mev which compares with — 1.86 given 
by Paton and —1.76 calculated from Heiden- 
reich’s data. Thus while the results of these 
three separate experiments agree with one 
another providing the group is explained as being 
protons, the deuteron hypothesis applied to 
Paton's findings leads to a group of 24 cm range 
under the conditions of our experiment which is 
widely different from the 11 cm as found; or to 
28 cm for full range alpha-particles which again 


1 R. F. Paton, Zeits. f. Physik 90, 586 (1934). 
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differs from the value of 14 cm found by Heiden- 
reich. 

It is of interest that the particles of range suf- 
ficient to penetrate the screen and which, as 
explained previously, fal! in the velocity range 
2.45+0.35 X 10° cm/sec. if protons or 2.05+0.35 
x 10° cm/sec. if deuterons are deflected in the 
same way as protons. Hence the group whose 
nuclear energy change is +0.2 mev can also be 
said to consist of protons. 


Results for nitrogen 

To test the particles emitted from the bom- 
bardment of nitrogen the source was placed 2 
cm from the window so that the resonance group 
was produced, the gold foil being removed to 
reduce the total absorption in the path of the 
particles to less than 6 cm. The nitrogen in the 
air served as target, and a yield curve was 
plotted. Since the particles were known to have 
a maximum range of less than 18.5 cm a screen 
was not interposed, the velocity band being 
already reasonably narrow. For a comparison 
curve illuminating gas (containing a high pro- 
portion of hydrogen) was passed through the 
space in front of the source and a yield curve 
again plotted against various values of the field. 
It is to be expected that these particles will have 
an average velocity 7 percent less than the 
nitrogen particles (since their distribution with 
range is towards lower energies, and their 
maximum range is less) and hence should be 
bent slightly more easily. The two curves are 
shown in Fig. 9. It will be seen that there is 
reasonable agreement, allowing for experimental 
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Fic. 9. The squares show the difference in yield of 
disintegration products from nitrogen for various field 
strengths. 
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error (about 100 particles only were counted at 
each point for the nitrogen curve). We do not 
consider that this curve alone is sufficient to 
disprove the presence of deuterons but that 
taken with the fact that the expected short range 
group for bombardment by full range alpha- 
particles is absent, it enables a final conclusion to 
be drawn in favor of protons. 

It may be pointed out that the difference 
between the proton curve and that obtained by 
bombarding Ca(OD), is direct evidence that 


the projected particles are deuterons, as con- 
cluded from measurements of their range by 
Rutherford and Kempton.” 

In conclusion we wish to express our thanks to 
Professor A. F. Kovarik for his interest and 
advice, to Dr. C. T. Lane for advice in running 
the magnet, to Dr. Donald Cooksey for assistance 
in the counter design, and to Professor H. C. 
Urey for a gift of heavy water. 


" Rutherford and A. E. Kempton, Proc. Roy. Soc. 
Al43, 724 (1934). 
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Nuclear Shells: Angular and Magnetic Momenta of Nuclei 


P. GERALD KruGER, Department of Physics, University of Illinois 
(Received January 12, 1935) 


Part I. Angular momenta. The experimental data on the 
number of isotopes per atom show marked regularities, 
which suggest closed shells in the nucleus. These regularities 
have been rigorously followed in arranging the first thirty 
elements into an isotopic system, with proton and neutron 
shells. In order to correlate both the angular and magnetic 
momenta of nuclei, it is necessary to choose certain 7 
values of the terms arising from the proton and neutron 
configurations, as the deepest terms. After this choice has 
been made, the assumption, that the j values of the lowest 
terms are added vectorially with the j’s oppositely directed, 
makes it possible to account for all of the observed ¢ values. 
Apparently the S states are exceptions to the general rule 
and have their j’s in the same direction. 


ParT I 


ORTY-EIGHT elements have been found to 
have a nuclear spin greater than zero. Three 
(Het, C® and O"*) are known to have zero spin. 
Twenty of these elements, about which definite 
information is known, are among the first thirty 
elements of the periodic table. For this reason, 
an attempt to correlate proton and neutron 
shells with nuclear momenta has been made. 

In addition to the known nuclear “‘i’’ values, 
the number of known isotopes per atom provide 
valuable information which can be used as a 
guide for deciding where nuclear shells are filled. 
Isotopic regularities are nicely shown by the 
Chart of Isotopes which has been compiled by 


Part II. Magnetic momenta. Nuclear magnetic moments 
are discussed from the viewpoint of proton and neutron 
shells in the nucleus. The generalized g-formula is used to 
calculate the proton and neutron contributions to the g- 
factor. These two contributions are then combined by 
jj coupling to give the nuclear g values. A magnetic mo- 
ment of +2.7 nuclear magnetons for the proton, and 
+1.75 nuclear magnetons for the neutron are used in 
the calculations. The deepest proton and neutron terms 
fix the values of /, 7 and s, so that, once having chosen 
these deepest terms, no arbitrariness exists in the calcula- 
tions. A discussion of the correlated data is given. 


Bartlett.' Part of those data which are pertinent 
to the present discussion is given in Table I. The 
elements are listed in the first column, the 
number of known isotopes in the second, and the 
number of expected isotopes in the third. 
Numbers larger than one mean that that number 
of isotopes occur with consecutive mass numbers. 
Where the notation 1,1 or 1,1,1 (Cl, A) is 
used, each comma denotes a missing mass 
number between known mass numbers for that 
element. 

Table I suggests’? that one isotopic regularity 


! Bartlett, Rev. Sci. Inst. 6, 61 (1935). 
* Bartlett (Nature 130, 165 (1932)) has suggested shells 
similar to these. . 
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TABLE I. Number of isotopes per atom. 























No. oF No. OF No. oF No. or 
KNOWN EXPECTED KNOWN EXPECTED 
ELEMENT ISOTOPES ISOTOPES | ELEMENT ISOTOPES ISOTOPES 
H 3 3 Cl 1, 1 1, 1 
He 2 3 A ie a * 
—— K 1, 1 5,3 
Li 2 2 = + -- 
Be 1 2 Ca 2 5 
B 2 2 Se 1 22 
Cc 2 2 Ti 5 5 
N 2 2 V 1 4 
—-— Cr 1, 3 5 
Oo 3 3 Mn 1 3 
F 1 1 Fe 1,2 5 
Ne 3 3 Co 1 1, 1 
Na 1 1 Ni 1,3 5 
Mg 3 3 a ——$______— 
Al 1 1 Cu  - Ry Se os 
Si 3 3 Zn *- 
P 1 1 (sa 1, 1 
S 3 3 


ends with He, which therefore is considered to 
close the first shell. The next regularity ends with 
N; the third with S; the fourth with K; and the 
fifth with Ni. Thus He, N, S, K and Ni may be 
considered as the elements where successive 
shells will be approximately closed. There remain 
to be examined the details of the proton-neutron 
shell filling process. 

Table II shows in detail the way protons and 
neutrons are added. First, two S protons (S,) 
and two S neutrons (S,) are put in. This com- 
pletes the first shell with He*. Next the addition 
of six P protons (P,) and six P neutrons (P,) 
forms O'* which closes the second shell (or sub- 
shell). Then ten D protons (D,) and ten D 
neutrons (D,) are added, which gives A*® and 
closes that shell (or sub-shell). With Ca® two 
more S, and S, have been added to complete 
another S shell. Following this scheme it is 
necessary to add ten D, and fourteen F, to 
account for the next regularity which ends with 
Ni. Thus Zn™ closes the D,F, shell. 

Elsasser? has shown from theoretical con- 
siderations that S, P, D, S, F shells are to be 
expected as the first nuclear shells. The present 
system confirms that prediction except for the 
last shell, which is found to be a D—F shell. 

In order to correlate the observed nuclear 
spins with the proposed isotopic system, the fol- 
lowing assumptions are made: 


*W. M. Elsasser, J. de phys. et rad. [7] 4, Part 2, 549 
(1933). 
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1. The proton has a spin of 4(4/2x) units of angular 
momentum in the nucleus. 

2. The neutron has a spin of }(h/27) units of angular 
momentum in the nucleus. 

3. S, P, D, F proton and neutrons have orbital angular 
momenta /=0, 1, 2, 3, like electrons outside of the nucleus. 

4. That the protons and neutrons outside of a closed 
shell each give rise to a set of deepest terms (similar to 
electron deepest terms for a similar configuration). 

5. That the deepest proton term and the deepest neutron 
term determine the deepest nuclear level; and that the 
resultant angular momentum of the nucleus, #, is given by 
combining vectorially the j’s of the deepest proton and 
neutron terms, with the provision that these j’s are oppositely 
directed. 


Since the regularities in the isotopic data of 
Table I have been rigorously followed, there is no 
arbitrariness in the choice of the number of 
protons and neutrons in each shell for this 
model. The only arbitrariness which exists, is in 
the choice of the deepest term of a proton or 
neutron multiplet. Two quantities, 7 the spin 
and uw the magnetic moment, limit this choice so 
that although for some elements (see discussion 
of F in Part II) there is more than one com- 
bination of terms which will satisfy the i values, 
there is only one which gives best agreement with 
both the magnetic and spin data. This means 
that the deepest terms listed in Table II have 
been chosen so that they are in agreement with 
the angular momentum of the nucleus and at the 
same time fit the magnetic moment as well as 
possible. 

At the right side of Table II are listed the 
observed « values, the deepest proton and 
neutron terms, and the calculated 7 values. As an 
illustration consider the case of Li’ in detail. The 
deepest proton term is *P 1/2 3 from one P,; the 
deepest neutron term is a *P 2:9 from two P,. The 
?P is normal, the *P inverted. Thus we have 
j=2 opposite to j=4, and the vector sum is 
3/2=14. 

Whenever possible, the deepest terms of 
elements for which 7 and uw are unknown have 
been chosen so that they agree with the terms 
arising from similar proton and neutron con- 
figurations of nuclei for which i and yu are known. 
This is illustrated by the choice of terms for 
elements from Li*® to O'*. For example, N™ has 
terms P,'*Pi,, P,°?P32; thus N' must have 
the same deepest proton term since the proton 
configurations of N“ and N* are identical. For 
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TABLE II. Proton—neutron shells. 
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Note: N means terms 


are normal; I means terms are inverted; PI means terms are partly inverted. 





NEU- 
ATOMIC ELE- 2 3 4 OBS. PROTON NEUTRON CALC. TON TRON 
NO. MENT TOPE SpSn SpSaPp Pn SpSa Pp Pn Dp Da SpSa Pp Pn Dp Da FpFa i TERMS TERMS i TERMS TERMS 
1 H 1 1/2 Sip 1/2 
yy 1 %Sip Sip 1 
. Sin 1Se 1/2 
>» Sin 5S; 3/2 
2 He 21 1Se Sin 1/2 
1 1 aS) 2Sin 3/2 
2 0 Se 1Se 0 
3 Li 2 2 - *Pinan 2Panin 1 N I 
s 1 2 3/2 "Pinan *Peie 3/2 N I 
4 Be 22 _ a 210 *Peie 0 I I 
2 2 a 1/2? *Pese ‘Sap 1/2 I 
5 B a » & ‘San ‘Sin 0 
ik 364 ‘San *Peie 1/2 I 
é., £ 2 2 4 4 0 *Prie *Peie 0 I I 
. 2 4 5 *Peie 'Panin 1/2 I I 
7 N FF. 5 5 1 *Pinan *Penin 1 N I 
22 5 6 'Pinan 1So 1/2 N I 
8 Oo 22 6 6 0 Se 1So 0 I I 
a 6 6 1 Dans 3/2 N 
22 6 6 2 Fess 2 N 
9 F 33 6 6 1 2 1/2 *Dspan Pose 1/2 I N 
10 Ne ee 6 6 8 3 O Fesa Fess 0 N N 
Ef. 6 6 . 2 "Fess ‘Fan snataen 1/2 N N 
33 6 6 3 64 Feaa Dissse N PI 
11 Na 2 2 6 6 3 4 3/2 ‘*Fenrpensn *Ditsce 3/2 PI PI 
12 Mg 22 6 6 4 4 SDoisss SDisase N PI 
Ss 6 6 4 5 *Doiese San 5/2 N 
“es 6 6 4 6 SDoress 5Dasios N PI 
13 Al 7 2 6 6 5 6 1/2 *Ss SDasies 1/2 PI 
14s Si 2.4 6 6 6 6 Dearie SDasios ? I PI 
» 2 6 6 67 *Dasasio *Peatnsaan 1/2 1 I 
ss 6 6 6 8 'Dastio Feas 0 I I 
15 P zs 3 6 6 7 8 1/2 ‘*FPentasasn Faas i/2 I I 
16 Ss 22 6 6 8 8 Pease *Faae 0 I I 
3 6 6 8 9 Faas Dinan 3/2 I I 
2 6 6 & 10 Faas 1S 4 I I 
17 cl 22 6 6 9 10 5/2 %Dsaee Se 5/2 I I. 
A 3 6 6 10 10 1Se 1So 0 I I 
17 Cl 2 2 2 6 6 9 10 *Dspan 1Se $/2 I I 
18 A : 2 26 6 10 10 1Se 0 
19 K = 1 6 6 1 10 10 3/2 Sin 8S) 3/2 
18 A > 2 26 6 10 10 1Se'Se i) 
20 Ca [oe £2. @ 10 10 0 Se 1So 0 
19 K 2 2 126 6 10 10 1 3/2 *%Sin 8S) 3/2 
20 Ca . 2. 25 6a 10 10 i 
73-7363 10 10 2 
2. ae 10 10 3 
';s 823288 10 10 4 
21 Sc 232 2266 10 10 1 4 7/2 "Dspan Slersas 7/2 PI 
> Ss os 10 10 1 6 
22 Ti 2is22e8e8 10 10 2 4 
‘2 2236.5 10 10 2 5 
22 2266 10 10 2 6 
23 23466 10 10 2 7 
23 32366 10 10 2 . 
23 V 22 2266 10 10 3 6 
33 2366 10 10 3 8 7/2 ‘*Featmsean) 'Fiasase 7/2 PI 
24 Cr 2 2 226 6 10 10 4 6 
3 s2e6s8 10 10 4 7 
22 2266 10 10 4 8 
22 226 6 10 10 4 9 
3 33.6.4 10 10 4 10 
25 Mn 23 23686 10 10 5 8 
22 2266 10 10 5 10 5/2 *Son serves 5/2 PI 
26 Fe 22 36 © 10 10 6 8 
2 2:2 6.4 10 10 6 9 
23.8268 10 10 6 10 
2. 2232-8 5 10 10 6 11 
ft .8 2 & © 10 10 6 12 
27 Co os 2a se 10 10 7 10 
22 2266 10 10 7 12 7/2 ‘Fansatmen "Ase 7/2 PI 
28 Ni 2 233.66 10 10 8 10 
23 2366 10 10 8 ii 
Sa a ® 10 10 7 12 
222266 10 10 ~ 13 
2 2.2 6 8 10 10 8 14 
29 Cu 2. 2 3.2 10 10 9 12 
a 2 82:6 10 10 9 14 3/2 *Dansn 1Se 3/2 I 
22 2266 10 10 9 14 3/2 "Danae 1S¢ 3/2 3 
30 Zn 222266 10 10 10 14 
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elements of higher atomic number than oxygen, 
the data are not complete enough to make the 
term assignment unambiguous. Obviously the 
predicted values of 7 can only be correct if the 
proper deepest terms have been chosen, and in 
all cases the experimental values of i and u must 
eventually determine the deepest terms. 

If the proposed isotopic system be admitted 
as correct, the following undiscovered isotopes 
would be expected to exist: He® (or Li*), Be’, 
Ca", Sct7, V*, Cr) Mn®, Fe®® 58 Co?) Ni5® 
Cu". Some of these have been predicted by 
Beck‘ and Bartlett.® It seems especially probable 
that Sct’, V**, Mn®, Co*? and Cu® should exist 
for they are necessary if a smooth neutron filling 
scheme exists for these elements. In view of the 
proposed system there is no reason why the 
others should not exist in such small quantities 
that they have escaped detection with the mass 
spectrograph. Their omission would leave bad 
holes in the filling scheme. 

The 7 values for elements in S shells seem to 
be exceptions to the general rule. H? has one 
proton and one neutron in the nucleus which 
gives rise to two *S,,. terms and by subtracting 
the j’s, i=0. But 7 is known to be equal to one. 
Thus it becomes necessary to add j’s when ]/=0 
in order to get 7. The case of K*®* “, i=3/2 is 
also interesting because it indicates that one S, 
and two S, have the same spin as one S,, two 
S, and two other S, in another sub-shell. If this 
interpretation is correct it means that one S, 
and two S, give the terms *S;,. and some other 
term whose j value is one, the j’s of which then 
add to give 1=3/2. This can be explained best 
by giving K** the configurations (outside of 
closed shells) 2S, 2S, 3S, which gives rise to 
the proton term *S,, and the neutron term 4S). 
This *S, will be the deepest term for a 2S, 35S, 
configuration but will lie higher than the ‘Sp 
term from 25S,°. Correspondingly, the con- 
figurations for K* will be 25S, 25S,? 3S, 4S,, 
and again the terms will be *S,. and *S;, the 
2S,* giving rise to 'S» which contributes nothing 
to #. 

H?® may be discussed from the above viewpoint. 
If it, is radioactive or slightly unstable the ex- 
pected configurations would be 15, 1S, 25S,, 


* Beck, Zeits. f. Physik 47, 407 (1928). 
* J. H. Bartlett, Phys. Rev. 42, 145 (1932). 
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which would give rise to terms ?.S;,2 and *.S; with 
i= 3/2. If it is stable, the configuration 1.8. *S,,2, 
1S,,? 'So giving 1=1/2, is most likely. 

For He’, 15S,?'So, 18, 7Si2 with 
probably the most likely configuration, though 
1S, 1S, 2S, *S;*Si, with «= 3/2 is not excluded. 

For elements of higher atomic number than 
Zn™ the data on the number of isotopes per 
element are so incomplete that the position of 
closed shells cannot be determined from Bart- 
lett’s Isotope Chart. Thus the extension of these 
data to heavier elements is difficult, though 
enough i values are known to check the system 


+= 1/2 is 


in most places. 


Part Il 


Landé,* Tamm and Altschuler,’ and Schiiler® 
have discussed the idea that one proton or one 
neutron is mainly responsible for the total spin 
and the magnetic properties of the nucleus. The 
writer next wishes discuss the magnetic 
moments of nuclei from the standpoint of proton 
and neutron shells in the nucleus. 


to 


Calculations 

Table III gives the elements to be discussed, 
their deepest proton and neutron terms, and the 
corresponding values of the nuclear spin. These 
data are used in calculating the nuclear G, 
factors and the nuclear magnetic momenta ux. 
The contribution of the and of the 
neutrons to G, are calculated separately by 
using the generalized g-formula 


protons 


IG+1) +10+1) —s(s+1) 
g= 21 ae —E =e 
27(7+1) 
jj+1)+s(s+1) —1+1) 
+ 


27(9+1) 


The proton contribution g,=g when g:=g), 
which for protons has a value of one, and when 
g:= g. which has a value of 5.4. This corresponds 
to a magnetic moment of a proton of 2.7 small 
magnetons. The values of j, / and s are those 
which correspond to the deepest proton term. 


* Landé, Phys. Rev. 46, 477 (1934). 

? Tamm and Altschuler, Comptes rendus de |'academie 
des sciences de I'U. R. S. S. 1, 455 (1934 

* Schiiler, Zeits. f. Physik 88, 323 (1934 
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NUCLEAR SHELLS 


TABLE III. Magnetic moments of nuclei. 
For protons g:=1, g,=5.4; For neutrons g;’=0, g,’=3.5. 

















ATOMK Proton NBUTRON GI GI “ my 
No ELEMENT ISOTOPE TERM TERM kp kn Cate. Exp. i Cac Oss. 
1 H 1 Sin 5.4 s+) 5.0 1/2 2.7 25 

H 2 Sia *Sin 5.4 3.5 0.95 0.7 1 0.9 0.7 40.2 

2 He 4 1Se 1So 0 0 9 0 0 7) 

3 Li 7 *Pin *Ps —0.47 1.75 Te 2.19 3/2 3.28 3.28 
4 Be u Ps ‘Say 3.2 3.5 2.9 -- 1/2? 1.45 = 
6 C 12 Ps Ps 3.2 1.75 0 0 0 0 0 

7 N 14 *Pin "Pan —0.47 1.17 1.58 =0.2? i 1.58 0.2? 
9 F 19 Dip Fs 1.88 —1,17 5.93 6.0 1/2 2.97 30 
i! Na 23 ‘Fin = 1.13 1.75 0.88 14 3/2 1.32 2.1 

- *Ssa *Ds 5.4 1.75 10.27 } 1/2 5.13 

13 Al 27 (8Sinn ‘Ds 3.4 1.75 4.33 {#2 1/2 216} 3. 
15 P 31 ‘Fon Fs 2.46 0.88 6.70 -- 1/2 3.35 - 
17 cl 35 Dap So 1.88 0 1.88 . $/2 4.70 - 
19 K 39 *Siy2 *S) $4 3.5 0.53 25 3/2 0.8 biog 
21 Se 45 Din 516 1.88 0.25 —0.66 1.0 7/2 —2.3 ‘35 
27 Co 59 ‘Fan *H, —1.63 0.12 0.7 0.8 7/2 2.45 2.8 
29 Cu 65 *Das Se 0.12 0 0.12 1.7 3/2 0.18 2.55 


The neutron contribution g,=g when g,=g,' 
which equals zero for neutrons, and when 
go=g..=+3.50. This value of g,’, so chosen 
because it fits the experimental data best, means 
that the magnetic moment of the neutron is 
+1.75 small magnetons. Correspondingly, j, / 
and s assume the values which fit the deepest 
neutron term. Then G, is obtained by coupling 
g, and g, according to the equation, 

1(t-+1)+jp(jpt+1) —JnGnt1) 
G1 =g,-— 2 
21(4+1) 


i(t+1)+jn(jntl)~jolip+1) 
“a 2i(i+1) 
where j,=/j value of the deepest proton term 
and j,=j value of the deepest neutron term. 
To illustrate the calculation with a special 
case, consider Li’. The deepest proton term is 
*P 1/2, the deepest neutron term *P2. Accordingly, 
to calculate g,, j=1/2, J=1 and s=1/2. This 
For gs, j=2, l=1, and s=1 
so that g,=1.75. In calculating G;, i=3/2, 
jp=1/2, and j,=2. Inserting these values in 
the above equation makes G, for Li equal 2.19. 
Table III gives the calculated values of g», 2» 
and G,, in the 6th, 7th and 8th columns, respec- 
tively. The calculated values of G; are compared 
with the experimental values in the next column. 
The last two columns of the table compare the 
calculated magnetic moments with the experi- 
mental values. 
In discussing the correlation of proton-neutron 
shells (Part I) and angular momenta of nuclei it 





gives g,= —0.47. 


was fowsd that elements in S-shells were excep- 
tions to the general rule, and that for S-terms, 
the j’s must be added instead of subtracted to 
get 7. A similar situation occurs for the magnetic 
momenta. In calculating G; the two contributions 
from g, and g, are subtracted for elements (H* 
and K) in S-shells. The writer can see no obvious 
explanation for these two anomalies. 


Discussion 

H': The magnetic moment for H', «= 2.7; 
agrees well with the molecular beam value of 
Stern, Estermann and Frisch,’ who report p= 2.5. 

H?: The value «=0.75+0.2 from the atomic 
beam method” is supported by the ratio 
wH'/yH?=4 from the work of Kalckar and 
Teller." The calculated value is in good agree- 
ment with these values. 

N: Nitrogen is the first element of Table III 
to offer serious disagreement with the reported” 
experimental evidence. The present discussion 
suggests that the experimental value may be too 
low and that it would be well to check the value 
with another experiment. 

F: Fluorine offers a good example of the case, 
mentioned in Part I, where there is more than 
one combination of terms which will satisfy the 
i values, but only one which best satisfies both 
i and uw. There are three possible combinations 
which will give i= 1/2. They are: 


* Stern, Estermann and Frisch, Zeits. f. Physik 85 (4), 17 
(1933). 

‘© Rabi, Kellogg and Zacharias, Phys. Rev. 46, 
(1934). 

" Kalckar and Teller, Nature 134, 180 (1934). 

2? Bacher, Phys. Rev. 43, 1044 (1933). . 
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*Dsje* Fe : gp= +0.12 : gn.= —1.17 : Gr = —2.46, 
2Dsis °F, : £p= +1.88 : Za —1.17 :G;= +5.93, 
*Dsp 3F; : £p= +1.88 : £a= +0.29 :G,;= — 2.35. 


The only value of G; which agrees with the value 
of Brown and Bartlett" is +5.93. 

Na: The terms ‘F 5,2. °D, have been chosen for 
Na. They give «= +1.32 which is not in serious 
disagreement with the experimental value of 
+2.10. If *F3.°Do were chosen, w= —2.45 a 
value which is about right in magnitude but of 
the wrong sign. Other chwices of deepest terms 
and their respective u« values are: 

‘Fre ®D, w=3.3 ‘Fie ®Ds w=5.7 
‘Fy ®D; h= 5.0 ‘F, 2 Dp, b= 3.6. 
It may be that u is as big as 3.3. In that case the 
deepest terms ‘Fz. °D, must be chosen and the 
deepest terms of Table II correspondingly 
rearranged. 

Al: In Al the deepest proton term is °S5/2, but 
there are two possible choices of the deepest 
neutron term, i.e., °D, or °D;. Dz gives uw=5.13 
while °D; gives »= —2.16. The latter value 
agrees well in magnitude with the experimental 
value 2.1 but not in sign. If the present model is 
correct, it must be concluded that the Al data 
can be explained equally well with a negative 
magnetic moment or that the formulae of 
Goudsmit™ and Fermi'® are particularly inad- 
equate for the case of Al.'* 

K: Millman, Fox and Rabi’? have found 
w= 0.38 from the atomic beam method. Gibbons 
and Bartlett'® have obtained u=1.2 from a 
theoretical calculation. There is no serious dis- 
agreement between these values since this dis- 
cussion gives a value midway between the other 
two. 

Sc: Scandium agrees well with the experi- 
mental value except for sign and since Kopfer- 
mann and Rasmussen'’ assumed the sign to be 
positive this is not a serious disagreement. 


Brown and Bartlett, Phys. Rev. 45, 527 (1934). 

“ Goudsmit, Phys. Rev. 43, 636 (1933). 

Fermi and Segré, Zeits. f. Physik 82, 729 (1933). 

% Brown and Cook (Phys. Rev. 45, 731L (1934)) 
calculated » =4.8 for Al. This is a higher value than the 
Goudsmit, Fermi and Segré formulas give. It is possible 
that a still higher value will be obtained, when the atomic 
wave functions are more accurately known. 

17 Millman, Fox and Rabi, Phys. Rev. 46, 320 (1934). 

* Gibbons and Bartlett, Phys. Rev. May 1 (1935) in 
print. 

wae and Rasmussen, Zeits. f. Physik 92, 82 
(1934). 





Co: Cobalt agrees well with More’s” data. 

Cu: The deepest proton term as given in the 
tables is D,*®*Ds. and the corresponding G, 
=0.12. This value presents the most serious 
disagreement in Table III. If D,* S, were the 
deepest proton configuration a ‘F3,. deepest term 


would result. This would give G;= — 1.64 which 
is about right in magnitude but of the wrong 
sign. 


The magnetic moment of thirteen of the sixteen 
elements listed in Table III are known from 
experiment, but the values are not as accurately 
known as is desirable. A variation of +10 percent 
is usually considered very probable and it is not 
unlikely that some values are inaccurate to +30 
or 40 percent. More accurate values of the atomic 
wave functions must be known before improved 
values of the magnetic moment can be obtained. 
It is possible that most of them will have to be 
changed. With this in mind one may consider 
that the calculated and observed u of ten (H', H?, 
He, Li, C, F, Na, K, Sc, and Co) of the thirteen 
elements agree well. One (Al) agrees fairly well 
and only two (N and Cu) are in serious dis- 
agreement. 

Clearly this agreement between observed and 
calculated magnetic moments is not as good as 
one would like, and the only conclusion to be 
drawn at the present time is that the agreement 
is neither so bad as to invalidate the scheme 
entirely nor good enough to substantiate it com- 
pletely. The point of finding only one combina- 
tion of the deepest proton and neutron term 
which best fits both magnetic and spin data 
seems to be important and when more accurate 
values of the magnetic moment are known it will 
be possible to decide if the proposed scheme is 
valid. Perhaps some modification can be made 
which will take care of the special cases where 
there is no agreement at present. Also it may be 
that the vector model can be used to describe 
the angular momenta, but that it is not adequate 
to express the magnetic momenta. However, 
from the present discussion, it seems that there 
is a possibility of accounting for the angular 
momenta of nuclei in terms of proton and 
neutron shells and that such a tentative model! 
may be helpful in the study of nuclear problems. 


7° More, Phys. Rev. 46, 470 (1934): P, Cl: Tolansky, 
Zeits. f. Physik 74, 336 (1932). 
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Nuclear Potential Barriers: Experiment and Theory 


ERNEST POLLARD,* Yale University 
(Received October 30, 1934) 


The heights of nuclear potential barriers are derived 
from experimental! data, corrected for nuclear motion and 
penetration through the barrier. Barriers differ markedly 
for different incident particles. It is shown that the heights 
of barriers to alpha-particles increase with atomic number 
and that the nuclear radius at the top is proportional to 
the cube root of the atomic weight. Values for correspond- 
ing barrier radii of the neutron and the radioactive 
elements agree with those given by Dunning and by 


Gamow. It is suggested that the attraction operative in 
alpha-particle collisions is only a second order force and 
that the anomalies in proton barriers are due to a first 
order force effective much further outside their tops. 
A method for obtaining information about this force is 
suggested. The energies of resonance levels are tabulated 
and an approximate linear increase with atomic number is 
discussed. 





INTRODUCTION 


N order to explain artificial disintegration by 

charged particles and their anomalous scat- 
tering a potential barrier of the type used by 
Gamow, Gurney and Condon in discussing radio- 
active disintegration is postulated. In the past 
few years experiments by many workers have 
furnished much information as to the nature of 
these barriers and it is the first aim of this paper 
to review the evidence, showing how the critical 
energies of impacts on light nuclei as known at 
present conform to simple rules. A second part 
of the paper discusses the bearing of the experi- 
mental work on nuclear theory, taking up in 
particular the possibility of determining the 
attractive force between a neutron and a proton. 

The nuclear potential barrier to an approach- 
ing positive particle consists of asmooth Coulomb 
rise diminished for close approach by a potential 
term of opposite sign varying much more rapidly 
with the distance. For the purposes of this 
paper the important features of such a barrier 
are: 


(1) The energy at the top of the barrier, Ey (barrier 
height). 

(2) The radius at the top, rr (related to (1)). 

(3) The energy values of resonance levels below the top 
which may permit easy entrance. 


The general methods for determining barrier 
heights have been described in a previous paper." 
It is here intended to amplify the account there 
given, applying corrections for nuclear motion 


* Sterling Fellow. 
! Hereafter called Paper I. 
E. Pollard, Phil. Mag. 16, 1131 (1933). 
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and for penetration through the barrier, which 
alter the conclusion to be drawn from the data. 


PENETRATION THROUGH NUCLEAR BARRIERS 


It is well known that high energy particles 
incident on light nuclei are not scattered accord- 
ing to the Rutherford formula. It is also known 
that many light nuclei disintegrate when bom- 
barded by high energy particles. Both events are 
explained by the penetration of the barrier by 
the incident particle; in the first case the particle 
escapes again while in the second a new nucleus 
is formed. 

In Paper I it was shown that the experi- 
mental work on anomalous scattering and on 
disintegration yields permit the derivation of a 
series of values for a not very definitely defined 
minimum penetration level which was there 
termed the barrier height. The values found in 
this way prove to be a linear function of atomic 
number, which, if rigorously true, would mean 
the barrier height is not closely related to the 
volume of the particles in the nucleus. In what 
follows an attempt is made to include a cor- 
rection for penetration through the barrier 
below the top assuming that Gamow'’s penetra- 
tion formula holds and that the probability of 
disintegration for each separate element depends 
mainly on the chance of entry of the alpha- 
particle. The values so derived for the barrier 
heights are not expected to be exact, but their 
variation from element to element should show 
the same behavior as the exact heights. 

In a more complete treatment the incident 
beam of charged particles must be consflered as 
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a plane de Broglie wave resolvable into a series 
of partial waves of angular momentum O or 
h/2 or 2h/27, etc. In experiments on anomalous 
scattering it appears that the components of 
angular momentum higher than zero are of great 
importance and must be taken into account, 
while, as will be shown later, disintegration 
experiments fit a simple theory in which terms 
of higher order than zero are neglected. This 
means that for the absorption of a particle it 
must strike the nucleus approximately head-on. 
If this limitation is imposed, the probability of 
penetration is given by 


en)" | f 


P=A exp {- (V-E) Mar}, (1) 


re 

A, a function which is nearly unity and is here taken to be 
exactly unity; 

m, the mass of the impinging particle; 

h, the quantum of angular momentum; 

ro, 7, the inside and outside radii at energy E of the incident 
particle; 

V, the potential energy of the particle at distance r. 


For a given barrier we can evaluate P at dif- 
ferent values of the energy of the incident particle 
by graphical integration. We find that P is nearly 
the same for any potential giving a sharp inward 
drop. If we choose 


V=2Ze?/r—2Ze*k/r (2) 


to represent the barrier (where & is a different 
constant for each individual element) and plot 
curves for P against energy (called excitation 
curves) we find that the difference between the 
energy for 10 percent penetration (called Ei ,,0) 
and that for topping the barrier (Er) increases 
with the barrier height. For the region covered 
by experiment it is possible to plot a curve 
relating Ei;,.9 with Er (whether the change in 
Er is due to the variation of Z or &) : this is given 
as Fig. 1. The excitation curves further show 
that near 10 percent probability P varies rapidly 
with £ so that an error in estimating where P 
is 1/10 produces only a small error in Ey;:9 and 
so a small error in deriving Er; this is made the 
basis of reducing experimental! results to give 
barrier heights. 

In experiments using alpha-particles as pro- 
jectiles disintegration does not occur in general 
until a closest distance of approach of about 
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Fic. 1. Relation between barrier height and energy for 10 
percent penetration. 


5 x 10-" cm is reached. The number of particles 
which pass within this distance of some nucleus 
is approximately 10~* of the total impinging on 
the target. The yields of disintegration are found 
to be roughly one in 10° indicating that nothing 
is observed unless penetration is considerable. 
The same is true of anomalous scattering. In this 
paper it is assumed that disintegration and 
anomalous scattering become definitely detect- 
able when the probability of penetration is 1/10 
and this value used to derive the energy of the 
top of the barrier from Fig. 1. It is likely that the 
region of definite detection deduced from good 
yield curves lies between P=1/5 and 1/20 and 
if these limits are admitted the error in deter- 
mining £r is 10 percent. 

It is only necessary for Eq. (1) to hold for the 
region in which experimental detection occurs. 
It is found that values given by Chadwick for 
beryllium and by Haxel for aluminum fit the 
formula and this is taken as experimental justi- 
fication for its use. 

The probability of entry at lower energy 
values is governed more by the width at larger 
radii than by the height so that this latter cannot 
be deduced unless exact absolute yields are 
measured. The majority of the experimental 
evidence available is therefore confined to disin- 
tegration and scattering with alpha-particles. 


Resonance levels 
As first pointed out by Gurney, the probability 
of entry of a particle is much greater if it has an 
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energy lving within an unoccupied (resonance) 
level in the nucleus. The experimental evidence 
for this was first found by Pose. The interest in 
resonance levels is in their mean energy values 
and in their energy widths. These widths affect 
the yield of disintegration products. 


EXPERIMENTAL EVIDENCE 


In considering energies derived from experi- 
mental curves, the motion of the nucleus must 
always be taken into account. A critical incident 
particle energy can be reduced to the potential 
energy at the closest distance of approach by 
multiplying by the factor: M,/(M;+M,) where 
M,, is the mass of the nucleus and M; the mass 
of the incident particle. 


(a) Alpha-particle scattering 


Riezler* has investigated the variation of the 
numbers of scattered alpha-particles with scat- 
tering angle for beryllium, boron, carbon and 
aluminum, varying the incident energy in the 
cases of boron and carbon. For the first three 
elements he finds that the number scattered 
increases rapidly as the distance at closest 
approach (computed for point charges with 
Coulomb fields) becomes less. He explains this by 
supposing that at a certain distance several com- 
ponents of angular momentum begin to con- 
tribute appreciably to the anomalous scattering. 
For boron this closest approach for classical 
scattering is 4.8 * 10~" cm; for carbon 5.5 x 10-" 
cm. The derivation includes correction for the 
motion of the nucleus. For aluminum he finds 
the zero order component is sufficient to account 
for the scattering provided it is disturbed only 
at distances less than 6.0 10-" cm. The results 
for beryllium do not yield a definite value for 
this particular barrier radius, but show clearly 
that its barrier is lower than that of boron. If we 
assume the radii given correspond to 10 percent 
penetration we have, from Fig. 1: 


Element Eyy, Er 
Aluminum 9.8x 10-* erg 15.0 10~* erg 
Carbon 4.98 8.1 
Boron 4.74 7.8 
Beryllium still less 


Helium. Scattering experiments have been 
carried out by Chadwick, and Rutherford and 


?W. Riezler, Proc. Rov. Soc. Al34, 154 (1931). 


Chadwick.’ The scattering at 45° to the incident 
particle path should, on account of the identical 
nature of the He nucleus and the alpha-particle, 
be double that expected in classical theory. 
Chadwick finds this value is exceeded for common 
alpha-particle ranges, falling to 2.22 at a range 
of 1.4 cm. Assuming this corresponds to E;;10 
we find 2.5 x 10~* erg after correcting for nuclear 
motion, and using Fig. 1 this gives a barrier 
height of 3.9 10~-* erg. 

Hydrogen. Chadwick and Bieler* observed the 
projected H nuclei when hydrogen is struck by 
alpha-particles, for various angles and various 
incident particle energies. Here the numbers 
counted should agree with classical theory except 
where penetration occurs. They give the follow- 
ing figures: 


F(31.3) — F(21.4) Inverse square 


Range of a-particle obs. calc. 
2.9 cm 3.0 1.0 
2.0 1.9 1.8 
1.6 1.8 2.3 
1.0 4.9 4.3 


Then between 2.0 and 2.9 cm range, penetra- 
tion becomes appreciable. Taking the energy 
corresponding to 2.0 cm for the value of Eiji 
we find a value 2.010~* erg for the barrier 
height. 

In recent unpublished experiments Pollard and 
Margenau have investigated the point at which 
anomalous scattering begins for hydrogen and 
deuterium. They find that for head-on collisions 
with hydrogen the point of departure from 
classical scattering is between 4.5 and 5.0 
microergs alpha-particle energy while with 
deuterium it is between 3.8 and 4.3 microergs. 
Correcting for nuclear motion these give 0.95 
+0.05 and 1.35+0.08 microergs, respectively. 
Taking these as E1,;:9 and using Fig. 1 we get 
for the barrier heights: 


Hydrogen: 1.6 10~* erg, 
Deuterium: 2.2 X 10~* erg. 


The values for the barrier heights derived from 
scattering are tabulated later, marked (.S); they 
are plotted as squares in Fig. 2. 

Since the barrier height is always deduced 
from the point where anomalous scattering is 
first detected a complete theory is not needed. 





J. Chadwick, Proc. Roy. Soc. A128, 114 (1930); Ruther- 
ford and J. Chadwick, Phil. Mag. 4, 605 (1927). 
‘1. Chadwick and E. S. Bieler, Phil. Mag.42, 923 (1921). 
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ATOMIC NUMBER 


Fic. 2. Barrier height and resonance levels as function of atomic number. 


(b) Excitation curves for disintegration by alpha- 
particles 

Under bombardment by sufficiently energetic 
alpha-particles the majority of light elements 
emit some form of disintegration product. If 
care is taken to detect all of one such product 
and the yield is plotted for varying alpha- 
particle energy, an excitation curve is obtained. 
When the results are reduced to the ideal case 
of bombardment of a thin layer, the excitation 
curves show maxima at low energies with a 
smooth upward rise for higher energies. The 
maxima correspond to resonance levels and the 
smooth rise to penetration through the barrier. 
From an estimate of £:;,;9 made on this part of 
the excitation curve the barrier height can be 
deduced. 

It is assumed that the product of disintegration 
has, in general, no effect on the potential barrier 
against the incident particle; there is some 
evidence that this is true since the boron barrier 
is roughly the same whether neutron or proton 
is emitted and the aluminum barrier whether 
proton or positron. Where the energy conditions 
are such that a nuclear particle cannot be 
released until it has received kinetic energy from 
the alpha-particle in excess of Er (e.g., neutron 
from Li’) the critical value is higher than the 
barrier height and disintegration with production 
of some other product (in this case y-rays) must 
be used to derive Er. 


It is also known from Blackett's experiments 
that every alpha-particle which penetrates into 
a nucleus does not cause disintegration and so 
penetration is not the only factor governing the 
yield curve. It is likely, however, that the other 
factors do not cause so rapid a variation in yield 
as the change in penetration with energy and so 
they have been treated as constant. 

A résumé of the experimental work is now 
given and a complete table of known resonance 
levels and barrier heights for alpha-particle 
impact summarizes the findings. 

Because of the difficulty of detection of disin- 
tegration products and the need for the plotting 
of a series of curves to determine the various 
nuclear levels, there is some disagreement 
between experimental results obtained by dif- 
ferent workers. The major discrepancy today is 
between the work of Pose and his collaborators 
using electrometer detection and that of Chad- 
wick and Constable using a linear amplifier. It 
is not intended to discuss the pro’s and con’s of 
a matter which can best be settled by further 
experiments, but a serious point of difference in 
the interpretation can be mentioned. Pose and 
his school find that alpha-particles of the same 
energy can, (a) Cause resonance exciting a group 
of definite energy or, (b) penetrate without reso- 
nance and excite a group of different energy. 
Chadwick and Constable find that an alpha- 
particle of definite energy produces definite 
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TABLE I. Summary of experimental work. 
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Element 


Worked on by 


Findings and notes 


Deductions 





Li 


Be 


Na 


Mg 


Curie and Joliot® 


Curie and Joliot® 
Bothe and Becker*® 


Bernadini’ 


Chadwick®* 


Curie and Joliot® 


Chadwick®* 


Heidenreich® 


Pollard’? 


Miller, Duncanson, and May® 


See Paper I. 


Pollard" 


Chadwick and Constable” 


Pose'* 


Curie and Joliot® 


Bonner and Mott-Smith'* 


Atty Kénig™ 


Duncanson and Miller'*® 


y-Tay excitation commences at 1.7 cm. 
(Neutron excitation higher; explained by 
need of energy to release neutron.) Agrees 
with Webster. 


Bombarded thick layer and found for 
neutron and y-ray excitation a broad 
resonance level (1.0—1.8 cm) running intoa 
smooth rise after 1.8 cm. 


Thin layer. Broad resonance level with 
max. at 1.95 cm and smooth rise after 
2.35 cm. 


Resonance level at 1.15 cm again at 1.5 cm 
with smooth rise after 2.3 cm. 


Resonance level from 1.0 to 1.6 cm 
followed by rise above 2.3 cm. 


Resonance level from 1.4 to 2.0 cm with 
rise above 2.4 cm. Both these are for 
neutron excitation and probably refer to 
B", 


Proton excitation. Finds yield rising from 
2.1-2.3 cm. 


Resonance level from 1.2 to 1.7 cm. 


Evidence for resonance level at 1.7 cm 
with penetration beginning at 2.1 cm. 


Indirect derivation gives 4.2 x 10~* erg for 
value of E; 0. These refer to B**. 


Broad resonance level at 2.2 cm followed 
by penetration after 3.0 cm. 


Proton excitation from thick layers. Find 
two resonance levels at 2.2—3, 2.7 cmanda 
region 3.3-3.9 cm which may be pene- 
tration or broad resonance. 


i) 


2.7 cm level not found. Evidence for 2. 
and 3.3 cm levels. 


Excitation of neutrons occurs above 2.7 
cm range. 


Groups of neutrons which can be explained 
by Chadwick and Constable's levels. 


Resonance level at 3.5 cm for excitation of 
protons. 


Proton excitation from thin layer with 
Ra C a-particles. Find resonance levels at 
4.25 and 5.0 cm followed by rise after 5.25 
cm. 


Barrier height 5.3 x 10~* erg. 


Resonance level at point where 
penetration becomes appreci- 
able. Assuming Ej, to be given 
by 2.0 cm barrier height is 
6.3 X10~* erg. Resonance levels 
at 3.1X10~* erg and 2.610~° 
erg. 


Barrier heights and resonance 
levels approx. the same-for two 
isotopes. Mean barrier height 
7.2X10~* erg, mean resonance 
level 3.2 X 10~* erg. 


Barrier height 9.0K10~* erg. 
Resonance level 4.510~* erg. 


No certain evidence for pene- 
tration. Probably resonance level 
energies; 4.8, 5.5, 6.7K 10~* erg. 


Resonance level at 6.8x10™* 


erg. 


Barrier height 13.5x10~* erg. 
Resonance levels at 4.2, 6.0, 7.8, 
8.5 X10~* erg. 











51. Curie and F. Joliot, J. de phys. et rad. 6, 285 (1933). 

* W. Bothe and F. Becker, Zeits. f. Physik 76, 421 (1932). 

7G. Bernadini, Zeits. f. Physik 85, 555 (1933). 

s I: Chadwick, Proc. Roy. Soc. Al42, 5 (1933). 
eidenreich, Zeits. {. Physik 85, 675 (1933). 

E. Pollard, Phys. Rev. 45, 555 (1934). 

" E. Pollard, Proc. Roy. Soc. Al41, 384 (1933). 


°F. H 


A135, 54 (1932). 


258 (1934). 


eW. E. 
A146, 413 (1934). 


12]. Chadwick and J. E. R. Constable, Proc. Roy. Soc. 


4H. Pose, Zeits. f. Physik 72, 537 (1931). 
“T,. W. Bonner and L. M. Mott-Smith, Phys. Rev. 46, 


16 A. Konig, Zeits. {. Physik 90, 197 (1934). 
uncanson and H. Miller, Proc. Roy. Soc. 
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Element 





Worked on by 
Klarmann"’ 
Al Duncanson and Miller'® 


Haxel'*® 


Diebner and Pose'® 


Ellis and Henderson*”® 


Constable 


P Chadwick, 


een 
= —~~--~-- 
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TABLE |.—Continued 


Findings and notes 


Possibly resonance levels at 4,2 x 10~° and 
6.9X10~* erg. 


Proton excitation from thin layer. Reso- 
nance levels at 4.25 and 5.25 cm with rise 
after 5.6 cm. 


Thicker layer. Rise after 5.6 cm. Un- 
analyzed resonance between 2.7 and 5.25 
cm. 


Resonance levels at 3.9, 3.45, 3.1, 2.7 cm. 
Two such levels at 2.3 and 3.5 cm. 
Excitation of induced radioactivity. 
Evidence of unanalyzed resonance levels 
above 3.6 cm range, followed by smooth rise 


after 6 cm range. 


Single group of protons excited by particles 





Deductions 


Barrier height 14.4x*10°* erg. 
7.5 


Resonance levels at 8.9, 8.0, 


6.8, 6.3, 5.8, 5.2 «10° * erg. 


Probably 


i. 


one of the resonance 





g! 
ni 


Pollard* of maximum range 3.9 cm. levels isat 7.4 10° erg 
: = 
‘7H. Klarmann, Zeits. f. Physik 87, 411 (1934). 27°C. D. Ellis and Henderson, Proc. Roy. Soc. A146, 208 les 
16. Haxel, Zeits. f. Physik 90, 376 (1934). (1934). al 
 K. Diebner and H. Pose, Zeits. f. Physik 75, 373 (1932). *1 J. Chadwick, J. E. R. Constable and E. Pollard, fa 
Proc. Roy. Soc. A130, 463 (1930). b 
t 
to 
TABLE II. Critical values for entry of alpha-particles into light nuclei (c 
1 2 3 4 5 6 7 S 9 19 
Rin E\no (10~* erg Barrier height Rees = Eves. (Corr 
Element P 4 M (cm) uncorr. corr. (10°*erg) (mev cm 10°-* erg)(10°* erg) (mev th 
— “Re 6 pr 
Hydrogen (S) 1 1 1.60 4.75 0.95 1.6 1.0 
Deuterium (S) 1 2 1.30 4.05 1.35 2.2 1.4 at 
Helium (S) 2 4 1.4 4.3 2.15 3.9 2.4 be 
Lithium 3 6, 7 1.7 4.9 3.15 5.3 3.3 
Beryllium 4 9 2.0 5.5 3.8 6.3 4.0 
1.5 4.5 3.1 1.9 He 
1.15 3.7 2.6 1.6 
Boron 5 10, 11 2.3 6.0 4.4 7.2 45 La 
1.4 +.3 3.2 2.0 by 
Boron (S) 4.74 7.4 4.9 : 
Carbon (S) 6 12 5.0 8.1 5.1 cu 
Nitrogen 7 4 3.0 Be 5.6 9.0 5.6 pl 
2.2 5.8 4.5 28 : 
Fluorine 9 19 3.6 8.2 6.7 4.2 Ex 
2.7 6.7 5.5 3.4 he 
2.2 5.8 4.8 3.0 
Sodium 11 23 3.5 8.0 6.8 4.3 pl 
Magnesium 12 24, 25 §.25 10.2 8.7 13.5 8.5 the 
26 5.0 9.9 7.8 4.9 
6.9 4.3 ab 
4.2 2.6 or 
Aluminum 13 27 5.6 10.7 93 14.4 90 = 
| 5.25 10.25 8.9 5.6 Su 
4.95 00 g 0 5.0 be 
3.9 8.6 7.5 4.7 
3.45 7.9 6.8 4.3 be: 
3.1 7.3 6.3 4.0 the 
. 2.7 6.7 58 36 
2.3 6.0 5.2 3.3 2: 
Aluminum (S) 9.8 15.0 9.4 19 
Phosphorus 15 31 3.7 8.4 7.4 4.6 : 
= = Lav 
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groups; that, in fact, a system of levels inside the 
nucleus, together with the known energy of the 
impinging alpha-particles, uniquely defines the 
energies of the groups of products. This is the 
simpler view and is adopted in this paper, al- 
though, clearly, further careful experiment is 
needed. 

Where reasonable agreement has been reached 
the accepted value has been chosen; otherwise 
individual results have been tabulated. 

The experimental work is summarized as com- 
pactly as possible in Table I. 

These results are set out in Table II. In 
columns 4, 5 and 6 the range, uncorrected value 
of E:;19 and E;;.9 corrected for nuclear motion 
are given. Ranges are at 15°C and 760 mm and 
Duncanson’s data® are used to derive energies 
from ranges. 

A similar review was made in Paper I, with 
less experimental data. Corrections were not 
applied for the motion of the nucleus or for the 
fact that penetration occurs below the top of 
the barrier. The figures there given correspond 
to column 5 in the above table. 


(c) Experiments with protons and deuterons 

From low energy excitation curves it appears 
that barriers to deuterons are higher than to 
protons and that the heights increase with 
atomic number ; more detailed deduction cannot 
be made. 

High energy experiments have been made by 
Henderson and Henderson, Livingston and 
Lawrence* on lithium and fluorine bombarded 
by protons. In these experiments the excitation 
curves for thick layers of Li and CaF: were 
plotted by counting the emitted alpha-particles. 
Experiments with a thick layer yield the barrier 
height with no corrections; for, if the yield is 
plotted against the range of the incident particle, 
there will be a proportional rise once the prob- 
ability of entry is unity—the number disinte- 
grated depending only on the thickness traversed. 
Such a curve is found by Henderson™ and it can 
be seen that the lithium barrier has a height 
between 400,000 and 500,000 electron volts. On 
the other hand the fluorine barrier is higher than 





WW. E. 


Duncanson, Proc. Camb. Phil. Soc. 30, 102 
(1934). 
*7M. C. Henderson, M. S. Livingston and E. O. 


Lawrence, Phys. Rev. 46, 38 (1934). 
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1,500,000 electron volts since the Gamow pene- 
tration formula holds up to this energy. The dis- 
integration of boron has been investigated 
roughly by White and Lawrence;* it would 
appear that the barrier height is only slightly 
greater than for lithium, though it cannot be 
fixed without further work. 

it is interesting that no certain evidence of 
resonance for proton or deuteron disintegration 
has been reported.* 

The available results for barrier heights to a 
proton are therefore : (corrections are for nuclear 
motion) 


Lithium 0.4—0.5 mev; 0.72 * 10~* erg; corrected 
0.63 X 10~* erg; 


Boron Rather higher; 


Fluorine >1.5 mev; 2.4X10~* erg; corrected 
2.3 10~* erg. 


For deuteron bombardment we have the con- 
clusion of Oliphant, Harteck and Rutherford*®* 
that in the reaction D+D=H'+H? the yield 
is proportional to the penetration after about 
100,000 volts. Correcting for nuclear motion this 
gives 0.085 X 10~* erg, an extremely low value. 


DIscussION OF NUMERICAL RESULTS 

The values for barrier heights and for the 
higher resonance levels from Table II are plotted 
against the atomic number in Fig. 2. The 
barrier heights lie on a smooth curve. The reson- 
ance levels lie on straight lines passing through 
the origin. It can be seen from Eq. (2) that this 
means resonance occurs at the same radius for 
different nuclei. On the other hand the radii at 
the top of the barrier increase with increasing 
atomic number. 


Radii of alpha-particle barrier summits 

Radii of barriers against alpha-particles cannot 
be deduced unless the nature of the attractive 
force is known. But, if this is taken to vary 
rapidly enough with the distance, an approx- 
imation rr’=2Ze*/Er is only slightly too high. 

*M. G. White and E. O. Lawrence, Phys. Rev. 43, 304 
OD Note added in proof: Recent experiments by Hafsted 
and Tuve indicate that resonance occurs for excitation of 
gamma-radiation by proton bombardment. 


* M. L. E. Oliphant, P. Harteck and Rutherford, Proc. 
Roy. Soc. A142, 692 (1934). . 
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In Fig. 3 rr’ is plotted against the cube root 
of the atomic weight; except for hydrogen the 
points lie near a straight line passing through the 
origin. Thus we find that: 

The cube of the radius at the barrier summit is 
proportional to the atomic weight—Relation (3). 

This relation has been suggested by Gamow** 
and used in a theory of disintegration. The line 
of Fig. 3 agrees well with evidence from two 
independent sources: Gamow’s theory of radio- 
active decay and Dunning’s deduction of the 
neutron radius. Gamow’'s values for the radii of 
MsTh and Pb barriers are 8.9X10-" and 
7.7X10-" cm. The values found from Fig. 4 
(by a long extrapolation) are 8.7x10-" and 
8.3 10-" cm. Dunning,”’ from a wave-mechan- 
ical analysis of his neutron scattering experi- 
ments deduces 1.16 10-" cm for the radius of 
the neutron. From Fig. 3 a particle of mass 1 
should have radius 1.4 10-" cm. Neutron scat- 
tering should give a smaller radius than that 
found using charged particles and if this be con- 


**G. Gamow, Zeits. f. Physik 52, 510 (1928). 
#7]. R. Dunning, Phys. Rev. 45, 599 (1934). 


*e ' fo to 7° 


CUBE ROOT OF ATOMIC WEIGHT 


Fic. 3. Showing linear relation between nuclear radius at top of barrier and cube root of 
atomic weight. 


sidered the agreement is very good. Eastman”® 
finds that Heisenberg’s theory of nuclear sta- 
bility, postulating Relation 3, gives best agree- 
ment with actual nuclei for a proton radius of 
1.6X10-" cm. The agreement from this indirect 
evidence is therefore satisfactory. 

It was shown in Paper I that if the nucleus 
consisted of particles packed within a radius 
much less than rr, then for elements in which 
protons and neutrons are equal in numbers, rr 
should be a constant. That this is not so means 
the attractive force 1s only operative very near to 
the surface of the nuclear structure. The equivalent 
of this has already been suggested by Dunning 
who shows that elastic sphere collisions account 
best for neutron scattering, indicating that non- 
Coulomb fields are confined to the near vicinity 
of the nucleus. Dunning also used Relation 3 in 
explaining his work, thus indirectly confirming 
its truth. 

Relation 3 may conveniently be re-stated thus: 
The volume of a nucleus its proportional to the 
number of particles in it. 


** E. D. Eastman, Phys. Rev. 46, 1 (1934). 
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Radii of proton barriers 


Radii of proton barriers around light nuclei 
cannot be computed by the rules for alpha- 
particle barriers. In the case of fluorine the 
proton barrier is nearly four times higher than 
in the case of lithium. The ratio for alpha- 
particle barriers is only half as great. If we 
compute proton barrier radii using the relations 
previously given, we find the radius for lithium 
greater than that for fluorine, which is abnormal. 


Application of Heisenberg’s theory 


It is possible that the anomalous behavior of 
nuclei to proton bombardment can be explained 
on Heisenberg’s theory® that nuclei consist 
entirely of neutrons and protons with non- 
Coulomb potential functions J(r) between 
neutron and proton, and K(r) between neutron 
and neutron giving the major forces apart from 
Coulombian repulsion. Heisenberg points out that 
the stability is greatest in light nuclei when 
neutrons and protons are present in equal 
numbers and that if two such nuclei approach 
one another the first order attraction due to J(r) 
is zero and only a second order attraction exists, 
analogous to van der Waals forces. The potential 
term for this force is | /(+) |*/e. If we suppose J(r) 
varies rapidly with distance, this second order 
force will vary much more rapidly and may ap- 
proximate to a force effective only at the surface 
of a nucleus. This agrees in character with the 
attractive force in those alpha-particle collisions 
wherein the condition for equality of neutron- 
proton content is fulfilled for nucleus and 
projectile. 

On the other hand, these conditions never hold 
for proton collisions. Thus, when protons collide 
with lithium (Z=3, mass=7) or fluorine (Z=9, 
mass=19) not only is the impinging proton 
unequalized by a neutron, but there is an extra 
neutron in the bombarded nucleus. 

There are therefore first order attractions (a) 
between the unbalanced proton and the balanced 
part of the nucleus and (b) between the proton 
and the odd neutron. In order to show that the 
barriers of Li and F can be accounted for by the 
existence of a first order force we can suppose (b) 
is the force operative at larger distances and 





2° W. Heisenberg, Zeits. f. Physik 77, 1 (1932); 78, 156 
(1932); 80, 587 (1933). 


neglect (a). Then for simplicity suppose a 
neutron-proton attraction of the form V=A/r? 
(any function varying rapidly and uniformly with 
r will suffice) and neglect, for a first approxima- 
tion, all other attractive forces between the 
nucleus and the proton. Then 


V=Zée/r—A/r?, 
from which 


rrp t= Ap/Ze. 


For Li and F, Z=3 and 9 and for the ratio of 
the radii at the summits of the barriers 


[rr(Li)/rr’(F) ]?" = 2Z(F)/Z(Li) =3. 


The experimental values for rr are (roughly) 
1.110-* for Li and 0.9x10~* for F, giving 
p=6.3 which means an attractive potential 
| ~A/r® which satisfies the general demands of 
a theory of nuclear barriers. The second order 
attraction operative for alpha-particles would be 
expected to be roughly of the form B/r®. To 
explain Relation 3 it must be shown that the 
radius at the summit is nearly equal to a radius 
known to be within the nuclear structure. Now 
the mass defect curve shows that the addition 
of ‘an alpha-particle to a light element increases 


_ the binding energy by 10~* erg and from (2) we 


can calculate the corresponding internal radius. 
The added alpha-particle is, by hypothesis, 
within the structure. With a potential function 
as suggested the internal radius at this level is 
about 5/6 that at the top; hence using rr to 
describe the radius of the nuclear structure is a 
justifiable approximation. 

It is intended only to emphasize that a study 
of proton barriers yields information about the 
mutual potential energy of a neutron and a 
proton. The inverse sixth power here derived is 
only one of the analytical expressions that might 
serve for a first approximation; a potential field 
such as Ae~*’ fits in more with current nuclear 
theory. Treatment similar to the above yields 
the value 2.010" for xu. 

It follows from the above reasoning that 
barriers against deuterons should be higher than 
those against protons, since, as for alpha- 
particles, only second order attraction should 
take place between deuterons and other even 
nuclei. . 
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The wild point for hydrogen in Fig. 3 is now 
to be explained by a first order force between its 
unbalanced proton and the alpha-particle of the 
type (a) discussed above. This varies more 
slowly with distance than the second order force 
and hence extends further beyond the barrier, 
so that our uncorrected formulae give too large 
a value for rr. The deuteron, with one neutron 
and one proton, should give a normal barrier 
radius of 1.8 10-" cm. Experiments show that 
it is much more nearly normal than hydrogen 
(having a radius of 2.06 x 10-" cm) but that it is 
probable that the field of force is a little abnormal 
compared to heavier nuclei. 

In the preceding discussion of proton barriers 
the first order force between proton and nucleus 
was neglected in comparison with that between 
proton and odd neutron; it can be shown that if 
the former force increases with Z, as would be 
expected, it does not greatly alter the computed 
value of p. 


Resonance levels for alpha-particles 


The linear increase of the energy of a particular 
resonance level with atomic number has already 
been pointed out, although the experimental 
data are not adequate to justify dogmatic asser- 
tion. In Fig. 3 it appears that the first line of 
resonance levels cuts the line for F,;:)9 at about 
Z=15. This means unusual excitation curves 
should be found for elements of higher atomic 
number than phosphorus. 

An explanation of the linear progression has 
been given by Margenau and Pollard,*° in terms 
of the energy change due to the addition of a 
charged particle in going from one element to the 
next higher. The fact that the non-Coulombian 
forces are greater for lower levels accounts for 
the smaller energy increase per unit change of Z, 
since these forces diminish the potential energy 
due to the added charge. 

The widths of the resonance levels are not 
easily explained. These should obey the relation 


*H. Margenau and E. Pollard, Phys. Rev. 46, 228 
(1934). 
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AEF, 'E, /ASE- ‘E.= P, ‘P: 


where the suffixes refer to any two levels in one 
element. In aluminum levels are observed at 
8.9x10-* and 5.810~* erg, having widths in 
a ratio of at most 2 : 1. This means P;/P:. should 
be not greater than 1.3. Actually the ratio is 130. 
So large a discrepancy cannot be explained by 
supposing the levels to differ as to angular 
momentum and hence the precise nature of 
nuclear resonance is still obscure. As Massey*' 
suggests, alpha-particle exchange may be an 
important factor. 


Disintegration by terms of higher angular 
momentum than zero 

Haxel has suggested that the steady increase 
in the yield of protons from aluminum between 
5.6 and 8.6 cm incident range of the alpha- 
particle may mean the terms of successively 
higher angular momentum begin to cause disin- 
tegration. His reasoning is based on the value for 
the barrier height given in Paper I. If the cor- 
rected values given here are used, his results are 
seen to fit on the penetration curve and hence do 
not need explaining in terms of non-zero order 
terms (P, D, etc.). Thus there is no definite 
evidence for disintegration by particles having 
angular momentum greater than zero. 


Experiments of Miller, Duncanson and May 

These workers find a rapid fall in the yield 
curve for disintegration of B'® above an energy 
of 5.9X10~-* erg, or 4.210~* after correcting 
for nuclear motion. It is difficult to explain the 
occurrence of this drop, which, as Paton’s*® work 
shows, is not followed by a second rise. If the 
values found for barrier heights in this paper are 
significant, the fall is not associated with the top 
of the barrier, but occurs well below. 

It is a pleasure to thank Professor A. F. 
Kovarik and Professor L. W. McKeehan for 
many useful criticisms and suggestions; and 
Professor H. Margenau for fruitful discussions. 


*H. S. W. Massey, Proc. Roy. Soc. Al37, 455 (1932). 
#2 R. F. Paton, Zeits. f. Physik 90, 586 (1934). 
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The Momentum of Ions Leaving a Region of Ionization 


Lew! Tonks, Research Laboratory, General Electric Company, Schenectady, New York 
(Received February 28, 1935) 


The momentum carried by ions starting from rest in an 
ionized region and falling freely to an electrode differs 
from the electrostatic force on the collector not only by 
the electron pressure but by an additional term which 
depends upon geometrical configuration, being zero in the 
plane parallel case. Expressions for the ion momentum are 


derived for the cases: cylinder, sphere, and cylindrical 
and spherical shell. The additional momentum is less 
than, but of the same order of magnitude as corresponds 
to the electrostatic force and may be either positive or 
negative. The comparison has been worked out in two 
simple cases. 


. 





N recent work on the accommodation coeff- 

cient of ions' it has been accepted that for 
freely falling ions the momentum conveyed by 
them to the impacted surface is exactly com- 
pensated by the electrostatic field force at the 
surface. The reasoning has been based on an 
action-reaction argument which applies rigor- 
ously to the parallel plane case only. The 
expression for the additional pressure component 
which arises for cylindrical or spherical symmetry 
will be derived, and the magnitude of this 
pressure will be compared to the field pressure in 
two simple cases. The reasoning follows along 
the line developed in a previous paper.* 

Consider an ionized gas having cylindrical 
symmetry and bounded by a cylindrical wall of 
radius a. Let the density of positive ions and 
electrons at any point be m, and mp exp (eV /RT), 
respectively, and suppose the ions to be at rest 
when formed and to fall without collision to the 
bounding wall. The outward radial momentum 
acquired per unit time by the ions in an annular 
ring of unit axial extent and lying between r and 
r+dr is 

dM=2xrn,eEdr. 


By Poisson’s equation, 


4an er = (d/dr)(rE)+4angere"'*", 


aa 


whence m=} Ed(rE) —2enee | retV/*TA(V). 
: 0 


Integrating the first term of the right-hand 
member by parts, we obtain, 


sf r~'vEd(rE)= i(oze+ f Exar), 
0 U 


‘Lamar, Phys. Rev. 43, 169 (1933); Compton and 


Lamar, Phys. Rev. 44, 338 (1933). 
? Tonks, Phys. Rev. 46, 278 (1934). 
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where E, denotes the field at r=a. The integral 
can be replaced by aF?, the average being taken 
along a radius. 

The second term of the right-hand member 
has the meaning that the reaction from the 
inward force exerted by the ions on the electrons 
is carried by the ions as an increased momentum 
to the bounding surface. Integration of it by 
parts gives 


a 
— 2axngakTe'et™ +2emkT f gVit* de, 
0 


and, denoting the electron density at the wall by 
Ng and the average density along a radius by #,, 
this becomes 
+ 2rakT (hi, — Mea). 
Finally, M@=2raP., where P, is the pressure 
on the cylindrical wall arising from the ion 


momentum carried to it. 
Combining these expressions we find that 


P.=E,?/84+E*/8x+nkT —n kT. (1) 
Likewise, for the spherical case 
P,=E,2/8%+(E*)/8e+[n. kT —neakT, (2) 
where the brackets indicate the average value 
taken over a diametral plane. More generally, 
for a boundary at r=a and a potential maximum 
in the ionized gas at r=), we have: 
P=E,?/8r+[(b/a)*na—Mea \RT 
+[1—(b/a)*)[E*/8x+HikT] (3) 


where 8=1 or 2 and the averaging is along a 
radius or over a plane according as the boundaries 
are cylinders or spheres. In the plane case b/a= 1 
and the expression reduces to the simple form, 
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P=E,?/84+ (na—Mea)kT. (4) 


The first conclusion to be drawn from these 
formulas for the momentum carried to the wall 
by the ions is that even in the plane case it is 
not equal to the electrostatic force E,?/8 on the 
wall, but exceeds the latter by the electron 
pressure, a result already derived® but not clearly 
stated. That is, the tendency of the electrons to 
expand is checked by the attraction of the ions 
whose reaction to the change in electron mo- 
mentum is an increase of their own momentum. 

The second conclusion is that even in the 
absence of electrons, the electrostatic pressure 
only balances the impinging ion momentum in 
the plane parallel case. For diverging ion streams 
the momentum is greater, for converging less. 
Paradoxical as this seems at first sight, it can 
readily be justified on general theoretical grounds. 
In the plane parallel case no ions strike the 
imaginary central plane in which the potential 
maximum lies, and E=0 there, so that we can 
place an uncharged, insulating wall there and 
remove one-half of the symmetrical distribution 
yet leave all conditions in the remaining haif 
unchanged. Since the new wall is uncharged and 
suffers no ion collisions, there is no force on it, 
and any forces developed in the ion region must 
therefore be self-compensating since the total 
momentum is zero. 

In the cylindrical case the matter is otherwise. 
One-half the distribution is not replaceable 
simply by a surface charge distribution. It is 
evident, however, that since the positive charges 
are the more centrally located, the net mechan- 
ical force across a diametral plane is one of 
repulsion even though the electric field vector is 
radial at every point. Then since action and 
reaction balance in each element of volume on 
the way from plane to wall, the repulsion across 
that plane will appear as a net force at the 
boundary, giving rise to the E?/8x term. 

Let us consider a cylindrical ion distribution 
maintained by the creation of ions at a rate 
constant in time and uniform throughout the 
tube of radius a. The resulting potential dis- 
tribution is parabolic in the cylindrical as well 
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as the plane’ case so that, 


V=-—ar’, F=2ar. 
a 
Now Haat f (2ar)*dr = E,?/3. 
0 


Referring to Eq. (1) we thus see that the ion 
momentum is one-third greater than that which 
balances the electrostatic surface force. 

Next consider the momentum acquired in a 
cylindrical sheath on an external wall of radius a. 


Here, 
V=—a(r—b)i, E=(4/3)a(r—)d)i, 


if we treat the sheath as if plane, and denote the 
sheath edge radius by 6. We have, then, putting 
x for r—6 and a for the sheath thickness (a—s), 


of 


=¢0 ‘(4a 3)*f xidx = 3(4a/3)*o!=?2E,. 
0 


Referring to Eq. (3) it is seen that the ion mo- 
mentum exceeds the electrostatic force by the 
fraction 3¢/a, a factor which becomes greater 
through increasing o as the tube wall is made 
more negative. 

These considerations have direct application 
to experiments in which accommodation coeffi- 
cients of ions are determined by force measure- 
ments, but how they apply depends on the par- 
ticular circumstances of the experiment. In some 
cases the force vane may form an extension of an 
external cylindrical wall, in others, however, 
the sheath on the electrode may be so thick as 
to give converging ion streams. In particular, 
the forces found by Mason‘ to be exerted by 
mercury ions of 50 v and more on a mercury 
surface so far exceed the electrostatic force that 
the forces discussed here are negligible. In other 
cases, however, where special mechanisms which 
so greatly multiply the momentum transferred 
do not operate, the interpretation of experi- 
mental results must take this factor into con- 
sideration. 

* Thomson, Conduction of Electricity Through Gases, 3rd 


ed., p. 300. 
* Mason, Phys. Rev. 47, 241 (1935). 
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Energy and Angular Momentum in Certain Optical Problems 


R. p’E. Atkinson, Ruigers University 
(Received December 31, 1934) 


An experimental proof of the theory that circularly- 
polarized light possesses angular momentum is reviewed, 
and a simplified modification is described. The experiment 
involved moving interference fringes, and a general con- 
dition, necessary but not sufficient, for obtaining such 
fringes is enunciated. Its application to five other optical 
problems is discussed. It is found: (a) That moving inter- 
ference fringes should be obtainable from an arrangement 


I, 


HE question whether circularly-polarized 

light really possesses the angular momen- 
tum //2x per photon has been discussed by 
Henriot' from the point of view of conservation 
of angular momentum and energy when such 
light is passed through a half-wave plate so that 
its direction of rotation is reversed. If there is a 
corresponding reversal of angular momentum, 
the light must exert a torque on the plate, and 
accordingly if the plate rotates in its own plane 
work will be done. This (positive or negative) 
amount of work must reappear as an alteration 
in the energy of the photons, i.e., in the frequency 
of the light, which will result in moving fringes 
in any suitable interference experiment. Henriot 
shows now by the ordinary analytical methods 
of physical optics that the fringes will in fact 
move, and at the right speed (two for each turn 
of the half-wave plate), and the inference seems 
unescapable that the torque is real. 

The analytical treatment of the actual inter- 
ference problem is not new, although the im- 
portant inference as to the angular momentum 
seems to have been overlooked until Henriot’s 
paper. Moreover, the experimental verification 
has also been carried out. Analysis and experi- 
ment are both due to Righi,? who developed the 
subject in connection with the question of beats 
in optical problems, and the experiment is 





1 £. Henriot, Comptes rendus 198, 1146 (1934). 

2 A. Righi, Mem. d. accad. d. scienze di Bologna [IV } 4, 
247 (1882). (Contains a number of other instructive and 
beautiful experiments of a similar nature.) A shortened 
account appears also in J. de physique théor. et appliqué 2, 
437 (1883). 
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with two diffraction gratings; (b) that if polarized light is 
reflected obliquely from a metal mirror revolving in its 
own plane, the absorption by the metal should vary by 
an amount proportional to the speed of rotation; (c) in 
two other cases support is found for the view that all 
photons possess the same amount of angular momentum, 
the state of polarization of the light depending on their 
statistical arrangement. 


shortly described in Wood's Physical Optics.’ 
Righi’s arrangement may be somewhat simplified, 
so that the effect can readily be observed with 
an ordinary student's optical bench and Fresnel 
biprism, in the following manner: 

A disk of the required thickness (about 0.064 
mm) of good quality mica about 1.5 cm in 
diameter is mounted centrally on the end face 
of a brass rod 5 mm in diameter, the end having 
been turned in a lathe. It is placed in front of 
one half of the biprism; a stationary piece of the 
same mica is placed in front of the other half; 
and a strip of black paper about 2 mm wide is 
placed along the dividing edge since this is 
straight while the edge of the disk is curved. 
(A larger disk may be used, but only if it is very 
flat as well as very parallel; even so, the black 
strip will usually be indispensable.) It is advis- 
able to remove the eyepiece from its holder and 
to verify directly that all the light from one 
image of the slit goes through the one piece of 
mica, and all the light from the other image goes 
through the other ; it is surprising how disturbing 
even a small error in this respect is. If the brass 
rod has a nick turned in it, it may be supported 
in two V notches cut in the edge of a bent sheet 
of metal, and it may then be turned slowly by 
hand, causing the disk to rotate in its own plane. 
However, if the disk is in fact as small as here 
suggested, it is better to wrap a thread round the 
rod to turn it, as it lies very nearly in the line of 
sight. If now any bright yellow circularly- 
polarized light is sent through the system, it will 
be found that the fringes do move when the disk 
is rotated, that their speed is 2” per second if it 


* Wood, Physical Optics, 2nd ed., p. 341. . 


> 
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turns m times per second, and that their direction 
is towards the side of the moving mica when the 
directions of rotation of the mica and the light 
vector are the same‘ and vice versa. It appears 
certain, therefore, that circularly-polarized light 
can in fact transfer the angular momentum 
+h/27 per photon to matter, producing a torque 
which must in principle be measurable. 

It has been claimed® that an infinite plane 
wave cannot possess angular momentum even if 
it is circularly polarized, and the suggestion has 
been made that diffraction effects at the edge of 
the disk must be responsible for the torque if 
there is one. This view now appears open to 
question, since it is clearly possible in principle 
to reduce the energy and momentum of the dif- 
fracted light to any desired extent by surrounding 
the disk with a large stationary half-wave plate 
in the same plane, separated from it everywhere 
by a gap less than a wavelength in width. The 
elementary theory of the change in frequency of 
the light would not be affected by this pre- 
caution, and the torque would thus be the same 
to the first order. Whether the light actually 
“possesses” the angular momentum need not be 
discussed here; the interaction® of the light and 
the disk will result in a torque both in this case 
and also if the light is, for example, absorbed by 
it. Experiments have been in progress in this 
laboratory for some time to detect the resulting 
torque directly. 


II. 


Henriot’s paper employs a general principle 
which it is instructive to apply to other cases also. 
It may be stated as follows: Moving interference 
fringes can be obtained only if one of the two 
beams of light does more work than the other, 
before they are brought to interference; and if 
the fringes do move, their velocity can usually 
be calculated from the work done. 

The most familiar example of this is the case 
of the Michelson interferometer. Let E=nhy 

‘Fringes must always move away from the source of 
higher frequency, so that the Doppler effects would keep 
the two sources in phase for an observer moving with the 
fringes. Righi states the opposite, but it is evidently an 
a in an heat his own analysis. (Mem. Acad. 
Bol. [III] 8, 645 (1877). 

*P. Ehrenfest, J. Russian Phys. Soc. 48, 17 (1911). 


(I have not yet seen this paper however.) 
*P. S. Epstein, Ann. d. Physik 44, 593 (1914); M. 
Abraham, Physik. Zeits. 15, 914 (1914). 
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be the energy arriving per second on the movable 
mirror, which we may suppose to have unit area. 
The energy-density in front of it is then 2E/c, 
and the radiation pressure p is equal to this, 
since the incidence is normal. If the mirror 
moves at a velocity v, the rate of working will 
be pv, and the photons must be taxed to supply 
this amount. Thus 2nhwv/c=nhév, giving the 
Doppler effect for a virtual source moving with 
velocity 27.7 The analogy with the rotating half- 
wave plate is, as Henriot says, exact in this 
respect. It is also exact, as Wood says, in that 
both problems can be treated statically ; move- 
ment is possible only if all the positions moved 
through are themselves possible positions. 

The analogy is nevertheless not complete. The 
natural width of the spectral line employed will 
limit the path difference for observable inter- 
ference, in the case of the interferometer, while 
with the half-wave plate the initial conditions 
are exactly reproduced every time the total 
rotation reaches mz, where m is any integer. 
This arrangement thus gives us a permanent 
source of light whose frequency has _ been 
modulated in one direction only, while with all 
such devices as an oscillating Kerr cell or a 
radio transmitter the modulation is in both 
directions at once, and with arrangements in- 
volving the Doppler effect the source is not 
permanent. Furthermore, as far as moving inter- 
ference fringes are concerned, the only limitation 
on the allowable range of wavelengths is that 
imposed by the effective useful range of the half- 
wave plates (provided one does not require to 
see a large number of fringes at once), so that a 
good filter is amply monochromatic enough. 
Righi in fact used white light. 


ITI. 


If Righi’s experiment be performed with plane 
polarized light, there is of course no couple on the 
plate, no work is done, and the fringes move 
neither way. The change from full speed one 
way, for left circular light, to full speed in the 
opposite direction, for right circular light, is 
moreover continuous, as is the change in the 
work done; but it does not involve intermediate 
speeds for elliptical light. Evidently there can be 


7See also J. Larmor, Encyclopedia Britannica, 11th 
ed., Article Radiation. 
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only one condition of the fringes for any one 
position of the disk, and only the one speed is 
possible. Here as so often the conception 
(Fresnel, Airy) of two opposite circular vibra- 
tions of different velocities (rotary polarization), 
or different frequencies (light polarized in a 
rotating plane), or different amplitudes (elliptical 
polarization), is the most useful, if not indeed 
the only useful one. As the ellipticity changes 
then, the one set of fringes gets continuously 
fainter while the other gets stronger, and with 
plane polarized light they are equally strong, so 
that we see fringes appearing and disappearing, 
with no motion except that the maxima and 
minima exchange places every quarter turn. 

Incidentally, since the field is uniformly 
illuminated whenever the axes of the two half- 
wave plates make an angle of +45° with each 
other, and since this is evidently true whatever 
the plane of polarization of the light may have 
been, it is true for ordinary light also, so that we 
arrive at the following rather pretty application 
of the Fresnel-Arago rules: 

If unpolarized light pass through a slit and 
biprism, and if two half-wave plates be placed 
one over each half of the biprism with their 
axes at 45° to each other, there will be no 
fringes. (There will also be none if one of the 
half-wave plates is removed.) Thus even unpo- 
larized light is observably affected by passage 
through a half-wave plate. 


IV. 


The principle enunciated above may be applied 
also to the following case, the possibility of which 
was suggested to me by Mr. G. A. Downsbrough. 
If light from a slit be allowed to fall normally 
on two diffraction gratings placed side by side, 
and if a diffracted beam from one grating be 
brought to interference with a diffracted beam 
from the other, moving fringes must result if one 
grating moves (slowly) in its own plane per- 
pendicularly to the ruled direction. (If the 
gratings have slightly different spacings a 
biprism may presumably be dispensed with.) 
For the photons have received a transverse 
momentum fy sin @/c=hN/d if N is the order 
of spectrum and d the grating-space of the 
moving grating. It is then easily verified that, 
whatever the wavelength, the rate of movement 
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of the fringes must be N times the rate of move- 
ment of the grating if this is expressed in lines 
per second. Technical difficulties, which might 
be overcome by engraving a grating on a long 
flexible film, are all that prevent this experiment 
from being continued indefinitely also. 


V. 


If plane polarized light falls obliquely on a 
polished metal surface, the reflected light is 
circularly polarized if the angle of incidence and 
azimuth of the plane of polarization are cor- 
rectly chosen. (The former lies between 70° and 
80° from the normal for most metals, and the 
latter approaches 45° from the plane of incidence 
for good reflectors.)* In general, at other angles, 
the light is elliptically polarized, and except 
when either the angle of incidence or the azimuth 
is either 0 or 90° a certain amount of angular 
momentum has been produced, whose component 
normal to the surface is never zero. Thus if the 
plate rotates in its own plane, work will be done, 
and if the light be brought to interference with a 
second beam similarly reflected from a stationary 
mirror we might at first sight expect moving 
fringes here also. 

They must however unquestionably be sta- 
tionary in this case, for if the moving reflector 
be stopped there is only one position possible 
for them, however far it had previously turned. 
Thus we must now look elsewhere for the energy. 
It appears legitimate (as well as unavoidable), 
to assume that it will be supplied by a change 
in the absorption, because the whole question of 
metallic reflection is intimately bound up with 
absorption. Without going into detail (the 
question is somewhat intricate), we may predict 
the result that must be obtained if this view is 
correct.’ 





* Drude, Lehrb. d. Optik, p. 338. 

* Note added March 4, 1935: Dr. P. A. M. Dirac 
suggested to me in conversation recently that the beam of 
light might be displaced sideways, as well as circularly 
polarized, by the reflection, and that the amount of 
displacement might be just enough to compensate the 
moment of force that would otherwise be acting on the 
disk. This possibility seems to me to be further supported 
by the fact that elliptical polarization can be produced by 
reflection from a contaminated surface of a liquid or 
isotropic crystal, and that the theory of this effect ignores 
absorption altogether. (Drude, Lehrb. d. Optik, p. 266; 
however, see also Wood, Physical Optics, 2nd ed., pp. 369, 
370.) r 
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Let the reflected radiation be denoted by 
x=a cos 2rvl, y=) sin 2rvi, so that its intensity 
is E=(a*+-b*)/2=(n,+n2)hv, where m, and ny 
are the numbers of left and right-handed photons 
leaving per second. If we write a=A+B, 
b=A-—B, the intensity of all the left-handed 
photons is A*=n,hv, while that of the right- 
handed ones is B?= n,hv. The angular momentum 
produced per second is thus (m,—m.)h/2r 
= (A*?— B*)/2xrv=ab/2rv. If the angles of inci- 
dence and reflection are y, and if the plate rotates 
N times a second, the rate of working will be 
Nab cos y/v, and the ratio of work done to 
incident energy is RNabcos ¥/vE if R is the 
reflection coefficient for this incidence and 
azimuth. This ratio is however the change, 6R, 
in the reflection coefficient, so that 65R/R 
=2Nab cos ¥/v(a?+5*). If b/a=tan ¢, so that ¢ 
is the azimuth of a Babinet compensator set for 
extinction, this becomes 


6R/R=(N/v) cos ¥ sin 2¢. 


On account of the extreme smallness of the 
factor N/y in any practical case, a derivation of 
this formula from electronic theory would involve 
retaining all terms to a high order of small quan- 
tities." Experimental verification would also be 
difficult. 

We may note that although the treatment we 
have given for the Michelson interferometer 
leads to the correct result, showing that the work 
done by the- radiation pressure appears as a 
change in the frequency if the reflecting power 
remains constant, it is not possible to infer con- 
versely that the reflecting power does remain 
constant when a mirror moves normally to itself. 
We can apparently draw such conclusions only 
when both the theorem of the conservation of 
energy and also that of the conservation of 
angular momentum are applicable. 


VI. 


If circularly polarized light is passed through 
a Nicol" its angular momentum is destroyed, and 


' The “reflection coefficient” is ordinarily defined for 
normal incidence. The actual reflecting power involved 
here will depend on y and the azimuth of polarization of 
the incident light. 

"The nature of the light produced in this case is also 
discussed by Righi (reference 2), following Airy and 
Verdet, but he » a not consider the behavior of any 
interference fringes. 
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there must be a couple on the Nicol. The result- 
ing light cannot of course interfere completely 
with the original light, but it can interfere with 
part of it, producing slightly dim fringes. (The 
intensity will vary as 3/2+ cos 4; in ideal cases 
it varies as 1+cos 6.) The question whether these 
fringes will move when the Nicol rotates leads 
to an interesting little paradox. 

In the first place, the work done cannot be 
accounted for by any change in the absorption 
here, for the Nicol may be replaced by a thick 
plane-parallel slab of calcite, and the extra- 
ordinary ray (or even the ordinary one) may be 
absorbed after emergence, without affecting the 
problem in principle. And the doubly refracting 
character of a crystal like calcite is so little 
connected with its (extremely small) absorption 
in the visible that the usual analytical treatment 
ignores absorption altogether. Further, even if 
it could be supposed that the absorption should 
rise from zero when the crystal rotates in the 
direction of the circular polarization, it certainly 
cannot fall below zero, so as to create new 
photons, when the crystal rotates the other way. 
These arguments apply equally to both ordinary 
and extraordinary rays. Thus the observations 
must be predicted to the first order without 
introducing any question of absorption, and we 
should naturally assume that the fringes must 
move. 

They cannot move however. The plane polar- 
ized light that emerges from the Nicol will not 
interfere at all times with the same component 
of the circular light, since its plane is rotating. 
It will, however, always interfere with exactly 
that (plane) component that would have been 
transmitted by a second Nicol, placed in the 
second beam and rotating in phase with the 
first one; and a Nicol is always regarded as 
letting one component through unaltered. If such 
a Nicol were present, however, the fringes would 
be stationary by symmetry. Thus they will be 
stationary in its absence also. It may be added 
that if this Nicol were present, work would be 
done on it also, and yet we cannot ascribe more 
than half of this to the photons that are stopped 
by it, for there is not really anything to choose 
in this respect between the ordinary and extra- 
ordinary rays in the case of the calcite plate; 
it is possible in principle to absorb the ordinary 
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ray and then to bring the extraordinary one 
back onto the axis of rotation without changing 
its state of polarization. 

We thus reach the paradoxical (but correct) 
conclusion that although the work cannot be 
accounted for by any change in the absorption 
by the doubly refracting substance, still the 
fringes will not move. Further, some or all of the 
component that is ‘freely transmitted’’ does in 
fact act on, and is therefore affected by, the 
Nicol. The paradox is bound up with the notion 
of “plane components,” and disappears as soon 
as we resort to circular ones. 

Let the initial circular vibration be x=cos wtf, 
y=sin wt. The components of these in a direction 
making an angle @ with the x-axis are cos wi cos @ 
and sin wfsin@, so that the Nicol transmits 
cos (wt—@) if its principal section is in this direc- 
tion. The x and y components of this are: 


x=cos (wt—@) cos @= 4[cos wt+cos (wt— 26) ], 
y=cos (wt—@) sin 0@=4[sin wt—sin (wt—26) }, 


so that the emergent light consists of two parts. 
One is circularly polarized the same way as the 
original light and has the same frequency; this 
will interfere with half the amplitude of the 
original light to produce stationary fringes. The 
second component is that which does all the work 
when the Nicol rotates, and in that case (@= al, 
say) it has its frequency altered to correspond ; 
but it cannot interfere at all since its direction of 
polarization has been reversed. The interaction 
of these two components is what we call light 
plane-polarized in a rotating plane, but the 
notion is a confusing one. It is apparently not 
true, even for circularly polarized light, that all 
the photons that get through a Nicol get through 
unaffected; on the contrary, half get through 
unaffected, and half interact with it. The inter- 
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action turns them over, and if the Nicol also 
rotates they do work on it. 

Exactly the same holds for those photons that 
are stopped by the Nicol; half have their fre- 
quency and state of polarization unchanged, and 
half are turned over in every case, and do work 
as well if it rotates. Of course, if these are after- 
wards absorbed, the heating effect will be altered 
by rotation. 

The emphasis that has usually been placed 
hitherto on plane, as opposed to circular, com- 
ponents is evidently to some extent of experi- 
mental origin. It so happens that differences in 
velocity and direction of the rays in a crystal, 
due to “anisotropic restoring forces” that re- 
spond to plane components, are more common 
(among simple substances) and certainly much 
larger than differences due to a rotational asym- 
metry that responds to circular components. In 
addition, however, when we speak of photons as 
being ‘‘turned over”’ in a crystal, we are speaking 
a language that is probably not adapted to 
actual interference phenomena, and it is accord- 
ingly difficult to explain why there should be a 
special phase relation, resulting in a definite 
plane of polarization, between those that are 
and those that are not turned over. The difficulty 
appears to be closely analogous to the difficulty 
that used to be felt in reconciling the photoelec- 
tric effect with interference phenomena, and it 
appears likely that in the future the language of 
circular components will be more generally used.” 
However, it sometimes involves abandoning the 
idea of conservation of angular momentum ih 
individual atomic processes, for example in the 
emission of r-components in the Zeeman effect. 





2 Raman (Ind. J. Phys. 6, 353 (1931)) draws support for 
this view from the intensities of lines in certain cases of the 
Raman effect. 
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The Thermionic Properties of Tantalum 


ALvin B. CARDWELL, Depariment of Physics, University of Wisconsin 
(Received February 27, 1935) 


Tantalum was carefully outgassed and its photoelectric 
and thermionic properties simultaneously studied. As was 
shown in a previous paper, heating 1000 hours at tempera- 
tures up to 2200°K produced an apparent stable condition 
of the surface. Further heat treatment at temperatures 
up to 2500°K produced a final stable condition. The values 
obtained for the thermionic constants of the 7? law are, 
when corrected for the Schottky effect, as follows: (1) For 
surface in first apparent stable condition, b=52,532°K and 


T is evident from the theoretical work of Som- 

merfeld' that the photoelectric work function 
determined according to the method of Fowler? 
should be identical with the thermionic work 
function. Since Fowler's method does not give a 
value very different from that obtained by the 
extrapolation method, it may be said that, within 
the limits of experimental error, such a conclusion 
has been verified in the case of tungsten,’ 
platinum,‘ molybdenum,’ and palladium.® The 
present paper is a report, supplementing one 
already published by the writer,’ of measure- 
ments on tantalum which further verify this 
theory. 


APPARATUS AND PROCEDURE 


The apparatus used in the present work was 
the same as that schematically diagrammed and 
fully described in the previous article to which 
reference has already been made. The tube was 
specially designed for both photoelectric and 
thermionic observations, a guard ring being so 
placed that no correction was necessary for end 
losses. Thermionic currents were measured by a 
Leeds and Northrup galvanometer, the effective 
sensitivity of which could be varied over a wide 
range by means of a system of external shunts. 
The tantalum filaments, obtained from the 
Fansteel Company of North Chicago were made 
from a very pure sample of the metal. 

' Sommerfeld, Zeits. f. Physik 47, 1 (1928). 

* Fowler, Phys. Rev. 38, 45 (1931). 

® Warner, Proc. Nat. Acad. Sci. 13, 56 (1927). 

* DuBridge, Phys. Rev. 31, 236 (1928). 

’ Martin, Phys. Rev. 33, 991 (1929). 


* DuBridge and Roehr, Phys. Rev. 39, 99 (1932). 
? Cardwell, Phys. Rev. 38, 2041 (1931). 


h=4.53 volts. (2) For surface in final stable condition, 
b=47,560°K, h=4.10 volts and A = 37.2 amp./cm? degree’. 
A comparison of these results with the previously published 
photoelectric data shows that the value of the photo- 
electric work function determined according to Fowler's 
method agrees with the value of the thermionic work 
function of the same surface regardless of whether the 
surface is thoroughly outgassed. 


Since simultaneous readings of the temperature 
and thermionic currents were taken, it was neces- 
sary to maintain the thermionic current at a 
constant value (to 0.2 percent) while each par- 
ticular observation was being made. This was 
accomplished by using four thirty-volt banks of 
large new lead storage cells in parallel. This com- 
bination was connected in series with the filament 
and a variable low resistance which was shunted 
by a high resistance rheostat for fine adjustment. 


Temperature measurements 


Temperatures were determined by means of an 
optical pyrometer of the disappearing filament 
type focused on the filament through a very thin, 
optically flat quartz window. Condensation of 
tantalum onto this window during the intervals 
when observations were not being made was 
prevented by means of a magnetically controlled 
door over the opening in the receiving cylinder. 
The pyrometer was calibrated originally by Dr. 
M. J. Martin and Mr. C. K. Eckels. During the 
present work the author recalibrated the instru- 
ment by observations, through a quartz window 
of the same thickness as that used in the tube, 
on the gold point and palladium point. The two 
calibrations were in excellent agreement. Black- 
body temperatures were corrected for the emis- 
sivity of tantalum according to the data of 
Mendenhall and Forsythe.‘ 

Outgassing process 

The outgassing process to which each sample 
was subjected varied slightly. Essentially, how- 
ever, the process was briefly as follows: After the 


® Mendenhall and Forsythe, Astrophys. J. 37, 380 (1913). 
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installation of the sample, the entire tube and 
jonization gauge were baked at 500°C for twenty 
days. During the last fifteen days of this interval 
the filament was heated by a conduction current 
at temperatures which were slowly increased to 
1700°K. At the end of this period the furnaces 
were removed and the filament further heated for 
620 hours (a total heat treatment of 1100 hours) 
at temperatures which were finally increased to 
2500°K (50 hours at this temperature). On several 
occasions the filament was flashed for five min- 
utes at a temperature of 2700°K. After this 
strenuous heat treatment the pressures, measured 
by an ionization manometer, were from 2 to 
8x 10-* mm of Hg. 


Schottky effect 

Unfortunately the filaments burned out before 
data on the Schottky effect were obtained. 
However, because of the geometry of the appa- 
ratus it is possible to make an approximate cal- 
culation of the correction which should be applied 
to 6. Such a calculation yields a correction 
Ab= 195. 


RESULTS 


(1) Sample in first apparent stable condition 

In the previous paper’ attention was called to 
the fact that after 1000 hours of heat treatment 
at temperatures up to 2200°K the tantalum 
sample reached an apparently stable condition 
which could be changed only by heating to much 
higher temperatures. While the sample was in 
this condition, both photoelectric and_ther- 
mionic measurements were made. The photo- 
electric curves and their analyses according to 
Fowler's method have already been published.’ 
Fig. 1 of the present paper shows the logarithmic 
plot of thermionic data taken while the sample 
was in this condition. The slope of this curve, 
corrected for the Schottky effect, yields a value 
for b of 52,532°K, or 4.53 equivalent volts. This 
is in very good agreement with the corresponding 
photoelectric work function of 4.51 volts. (See 
previous paper.’) 
(2) Sample in final stable condition 

Fig. 2 is a sample curve showing the usual 
Richardson plot from data taken after the sample, 
as a result of heating to 2500°K or higher, had 
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Fic. 1. Logarithmic plot of thermionic data for tantalum 
taken after 1000 hours of heat treatment at 2200°K. 
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Fic. 2. Richardson plot of thermionic data on tantalum 
after continued heating at 2500°K. 
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reached what seemed to be its final stable con- 
dition. The slopes of fourteen such curves yield 
an average value for the constant } in Richard- 
son's equation of 47,365°K. When this value has 
been corrected for the Schottky effect and 5.69 
cm? used as the effective area of the emitting 
surface, the constants of the Richardson equation 
are: 

b= 47,560°K; 


h = bk /e=8.62 X 10-°b = 4.10 volts; 
A =37.2 amperes/cm* degree® (average value for 14 curves). 


By Fowler’s method the photoelectric work 
function for the metal while in this final stable 
condition was found to be 4.13 volts at 273°K 
and 4.18 volts at 973°K. (See previous paper.’) 

Recently Becker and Brattain’ criticized the 
indiscriminate use of the term ‘‘work function.”’ 
They conclusively argued that the thermionic 
work function is in general not equal to the slope 
of the Richardson line and that in general the 
work function varies with temperature. 

If we accept Becker's point of view, it is easy, 
by the use of his Eqs. (9) and (10), to calculate 
the thermionic work function from the above 
value of A and A. In column 1 of Table I is 


TaBLeE I. Photoelectric and thermionic work functions of 
tantalum and variation with temperature. 








Work function (Volts) 





dw a Photo- 
dT in 120—In A T (°K) electric Thermionic 
1.012 10~* 293°K 4.13 4.13 
973°K 4.18 4.20 











shown the rate of change of the work function 
with temperature. (See Eq. (10) of Becker's 
article.) Column 3 shows the values of the photo- 


* Becker and Brattain, Phys. Rev. 45, 694 (1934). 
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the 


electric work function determined by 
method of Fowler. The values of the thermionic 
work function in column 4 are calculated from 
Becker's Eq. (9). 

Since the temperature variation of the work 
function is a second order effect, the agreement 
between the temperature variation of the photo- 
electric and thermionic work function is better 
than one could expect. The absolute values, 
therefore, merely show that the data presented 
herein are consistent with Becker’s conclusions. 

The average value of the thermionic coefficient 
A is somewhat lower than the value 60.0 deter- 
mined by Dushman and others.” Their value of 
4.07 volts for the heat function is, however, in 
good agreement with the present value of 4.10 
volts. The calculated value of A is particularly 
sensitive to an error in the temperature scale. 
In the present work, the correction for the 
emissivity of tantalum is greater than that 
applied by Dushman; hence, one would expect 
the value of A to be smaller than that determined 
by Dushman. 

The writer has already pointed out that 
Fowler's theory of the photoelectric effect seems 
to hold to the same degree of accuracy for tan- 
talum which was known to contain gas and for a 
sample which was thought to be gas-free. In this 
connection it is also interesting to note that the 
value for the photoelectric work function deter- 
mined according to the method of Fowler agrees 
with the value of the thermionic work function 
of the same surface regardless of whether it is 
gas-free. 

The writer is indebted to E. 
Mendenhall for his cooperation and helpful 
interest during the progress of this work. 


Professor C. 


‘© Dushman and others, Phys. Rev. 25, 338 (1925). 
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LETTERS TO THE EDITOR 


Prompt publication of brief reports of important 
discoveries in physics may be secured by addressing 
them to this department. Closing dates for this 
department are, for the first issue of the month, the 


Production of Induced Radioactivity by the Cosmic 
Radiation 


An unfortunate arithmetical error in the computation of 
the number of double bursts with intervals of less than one 
minute to be expected on statistical grounds from the data 
given in my letter under the above title to the Physical 
Review of January 15, 1935 is responsible for a grave mis- 
statement. In the calculation from the form x*e*/n! a 
factor, in each case proportional to the total number of 
bursts, was omitted. Using the derived form, N(e~*" —e~*") 
and putting ¢, equal to zero and ft, equal to unity, we find 
that the number ot doubles to be expected are approxi- 
mately 11 and 4, in close enough agreement with the 
observed 14 and 5 to be indicative only of the random 
distribution in time of the bursts. 

J. E. I. Carns 

London, England, 

March 5, 1935. 


The Mechanism of the Aging of Freshly Prepared Lead 
Sulfate Crystals 


In previous communications! it has been reported that 
thorium B when added to a freshly prepared suspension of 
lead sulfate, obtained by mixing 0.1 molar potassium 
sulfate and 0.1 molar lead nitrate at room temperature, 
distributes itself homogeneously throughout the entire 
crystalline precipitate after 3 minutes of shaking. This 
speed of distribution decreases rapidly when the precipitate 
is allowed to age in contact with the mother liquor before 
adding Th B. 

Originally the rapid distribution of the thorium B 
throughout the precipitate was attributed to a free diffusion 
of lead ions in the amicronic particles composing the fresh 
microscopic crystals of lead sulfate. Subsequent experi- 
ments to be described in the April issue of the Journal of 
the American Chemical Society revealed that the speed of 
distribution of the thorium B was a function of the solu- 
bility of the lead sulfate in the particular medium in which 
it was shaken with the radioactive isotope. In addition it 
was found that the speed of aging of lead sulfate also 
decreased with decreasing solubility. If fresh lead sulfate, 
for example, were kept in absolute alcohol, no aging could 
be detected even after long periods of standing. Likewise, 
no distribution of thorium B throughout the precipitate 
occurred when the crystals were shaken in an alcoholic 
medium. These effects of the environment upon the speed 


twentieth of the preceding month; for the second 
issue, the fifth of the month. The Board of Editors 
does not hold itself responsible for the opinions 
expressed by the correspondents. 


of aging of fresh lead sulfate and of distribution of thorium 
B throughout the precipitate are contrary to the assump- 
tion of a free mobility of lead ions in the amicronic par- 
ticles. Instead, they indicate definitely that the aging and 
the distribution of thorium B are to be attributed to a 
recrystallisation by way of the solution.* 

On the basis of this conclusion the experimental results”. ° 
show that the fresh lead sulfate when shaken for 3 minutes 
with a solution containing a slight amount of lead under- 
goes a complete recrystallization. Upon further shaking 
another complete recrystallization occurs after about 15 
minutes, the speed of these successive recrystallizations 
decreasing rapidly with increasing age of the precipitate. 

We realize that upon relatively slow but continuous 
recrystallization, an apparently complete distribution of 
the thorium B could be obtained after recrystallization of 
only a small fraction of the precipitate, assuming that the 
recrystallized part does not enter into solution and deposit 
again. Thus, if the recrystallization were unidirectional and 
not multidirectional, an enrichment of the thorium B 
would be obtained in the first recrystallizates; and the 
distribution would appear to be complete after a relatively 
small fraction of the precipitate had recrystallized. How- 
ever, experiments to be reported later have disproved the 
above interpretation. It was only in the very beginning of 
the process that a slightly heterogeneous distribution of 
the thorium B could be detected. Apparently, then, the 
part of the precipitate first recrystallized (unidirectional) 
participates in the subsequent recrystallizations (multi- 
directional). 

Although it would be premature to develop a more 
exact picture of the process of the repeated recrystalliza- 
tions, we are led to the view that the freshly formed micro- 
crystals are badly ordered (diffuse lines in x-ray pattern), 
and that the lead and sulfate ions go into solution ex- 
tremely rapidly and deposit again with a great speed. 
This eventualy leads to a better ordering and a perfection 
of the crystals and a rapidly decreasing speed of further 
recrystallization. Experimentally it was shown that the 
speed of solution of a fresh precipitate was at least a few 
hundred times greater than that of an aged product. 

I. M. KovtHorr 
CHARLES ROSENBLUM 
School of Chemistry, 
University of Minnesota, 
March 20, 1935. 


1 (a) Kolthoff and Rosenblum, Plys. Rev. 45, 341 (1934); (b) J. Am 
Chem. Soc. 56, 1264 (1934): (c) 56, 1658 (1934). 

> A similar view was expressed to us by Professor Otto Hahn, Director 
of the Kaiser Wilhelm Institut far Chemie, Berlin, Dahlem. 
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Ionosphere Studies During Partial Solar Eclipse 


The partial solar eclipse of February 3, 1935, offered 
an opportunity for further study of the effects of eclipses 
on the ionosphere. Experiments made by the National 
Bureau of Standards! and others during the solar eclipse of 
August 31, 1932, had indicated that the main source of 
ionization of the E and F, layers is ultraviolet light. 
Similar evidence for the F, layer was not found. There 
was no positive evidence that the 1932 eclipse (about 90 
percent total at Washington) produced any change in the 
F, layer ionization. During the eclipse of February 3, 1935, 
about 30 percent of the sun’s disk was obscured and a 
positive decrease in the ionization was found in the F; 
as well as in the E and F, layers. 

The solid-line graphs of Fig. 1 show the average critical 
frequencies for several days immediately before and after 
the eclipse day. The f*r, values (i.e., the extraordinary- 
ray critical frequency) for February 2 were not averaged 
with results of the other days because a moderate mag- 
netic storm occurred on this day and the f*r, values were 
much lower than those taken on other days of this series 
of observations. No consistent evidence has been obtained 
to indicate that the low critical frequencies obtained on 
February 2 might be caused by the magnetic disturbance 
on this day. The broken-line graphs represent critical 
frequencies as measured on the day of the eclipse. 

The E layer was complex throughout this series of 
measurements. It appeared to be stratified. Two or three 
critical frequencies appeared much of the time. The values 
of these critical frequencies varied independently, and 
frequently one critical frequency would disappear or a 
new one appear between sweeps of six minutes separation. 
The upper branch of the fg graph between the hours 
1016 and 1112 on February 3 is an example of this com- 
plexity. It was often impossible to follow a particular E 
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critical frequency through a series of records. Nevertheless 
a clear decrease of fz and therefore of the ionization density 
of the & layer is shown at the time of the eclipse. The 
ratio for the E layer of ionization density at eclipse maxi- 
mum to ionization density at the same hour on normal 
days was 0.86. The maximum ionization density varies 
as the square of the critical frequency of the ordinary ray. 

As has been described in previous publications, the F, 
critical frequency is not sharply defined at this time of the 
year. The sharpness of definition was decreased by the 
eclipse and increased after the passage of the eclipse. For 
the F, layer the ratio between the maximum ionization 
densities at the eclipse maximum and at the same hour 
on normal days was 0.88. 

The F; layer critical frequencies were well defined. 
Magnetic splitting was present. The minimum of ioniza- 
tion of the F, layer occurred within 9 minutes after the 
maximum of the eclipse. The ratio of the ionization 
densities at the eclipse maximum and at the same hour 
on the normal days averaged was 0.58. 

It is well known? that the day to day variations of f* p, 
may be quite large. If the possible effect of the magnetic 
storm be ignored, the results of February 2 taken with 
the results of the other days discussed here, would be an 
example of this. In the light of this known variation it is 
possible that without the eclipse f* 7, might have been low 
on February 3. The afternoon results suggest 6000 kc/sec. 
as the norma)! value for f*, on this day. Assuming 6000 
ke/sec. as the normal value of f* x, on the day of the eclipse 
the ratio of ionization density at eclipse maximum to the 
normal ionization density at the same hour would be 0.69. 

These observations substantiate the conclusions drawn 
from the 1932 eclipse, viz., that the daytime Z and F; 
layer ionizations are predominantly controlled by ultra- 
violet radiation from the sun. The present measurements 
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indicate that the F; layer ionization also, at the time of the 
eclipse, was predominantly controlled by ultraviolet radia- 
tion from the sun. A comparison of the F; layer results of 
the August, 1932, eclipse with the February, 1935, eclipse 
indicates that the F; layer ionization is produced in a 
different manner during the summer than during the 
winter. 

These results emphasize the importance of seizing every 
opportunity for ionosphere observations presented by 
eclipses, even though a particular eclipse may not seem 
entirely promising in respect to season, time of day, or 
latitude. 


S. S. Krrpy 
T. R. GILLILaANnD 
E. B. Jupson 


Bureau of Standards, 
Washington, D. C., 
March 26, 1935. 


' Kirby, Berkner, Gilliland and Norton, Bur. Standards J. Research, 
11, 829, Dec. 1933 (RP629). Proc. I. R. E. 22, 247 (1934). 

? Kirby, Berkner and Stuart, Bur. Standards J. Research 12, 15, 
1934 (RP632). Proc. I E., 22, 481 (1934). 


Masses of Light Atoms from Transmutation Data* 


The difficulty of reconciling the stability of the Be 
nucleus with its high mass (9.0154) derived from the mass 
spectroscopic measurement of Bainbridge is well known. 
On the other hand, all transmutation data point to a much 
lower value (about 9.011). If one tries to account for the 
disintegrations of Be assuming the Bainbridge mass, one 
is forced to assume the existence of new nuclei, viz., Be* 
and He®. These present new stability difficulties ; e.g., for 
He® a mass of 5.006 can be derived from transmutation 
data,! which would make Li*® unstable against proton 
emission. 

The difficulties are not restricted to Be. Indeed, the 
energy balance of the disintegration of B" under proton 
bombardment can only be brought into agreement with 
nuclear masses, by making very artificial assumptions.? 
Other evidence of a wrong determination of the B mass is 
the transmutation B'*+2' = Li’ +Het recently observed by 
Taylor and Goldhaber.* 

The most striking instance seems however to be provided 
by C®. The C" nucleus is known to emit y-rays of 5.5 
MV,*: * ® therefore it must have an excited level of this 
energy which does not disintegrate into 3 a-particles 
before the y-ray is emitted. The probability of emission 
of a y-ray is about | in 10,000 periods of oscillation of the 
a-particle in the nucleus. The penetrability of the nuclear 
barrier for a-particles must therefore be smaller than 
1/10,000 for the excited state, in order that strong y-radi- 
ation can be observed. The energy of the excited state can, 
then, not be greater than that of 3a-particles +0.7 MV; 
and therefore the energy of the ground level must be at 
least 4.8 MV lower than 3a’'s. Hence 


C"® <3 4.002 16—0.005 1 = 12.0014 


as compared to Aston’s value 12.0036. 
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On the other hand, a lower limit for the mass of C® can 
be obtained from the y-rays emitted by O", having an 
energy of 5.4 MV.*. * ? By the same reasoning as before 
we conclude that the excited state of the O nucleus could 
not emit y-rays in appreciable amount if its energy would 
exceed that of C"+He*t by more than 1 MV. Therefore 
the energy of the O ground state must at least be 4.4 MV 
lower than that of C®+Het, so that 


C™ > 16.0000 —4.0022 +-0.0047 = 12.0025. 


This “lower” limit is thus seen to be higher than the 
upper limit derived above. The only possible way out is 
to assume that the mass of helium with respect to oxygen 
is completely wrong. 

Such an assumption would immediately explain why all 
transmutations of the light elements H, He and Li among 
each other have energy balances fitting beautifully' with 
the mass spectroscopic values whereas for all nuclear proc- 
esses in which a heavier atom (Be, B) is transformed into 
light ones the energy balance seems to be completely 
wrong. Namely, all the light atoms have been compared 
very accurately to He in Bainbridge’s work, whereas the 
heavier ones have been referred to oxyger. 

The change of the ratio He :O seems also to be in 
accord with the chemical determinations*® of the atomic 
weight of H. 

Consequently the derivation of atomic weights purely 
from disintegration data was attempted. Of the trans- 
mutations connecting the elements of the “heavier” to 
those of the “lighter” group the best investigated is the 
transformation B“+H!=3 Het. Since all considerations 
involving the upper limit of the a-particle energy are open 
to criticism,? we have used the mean energy of the emitted 
a-particles rather than the maximum energy. This is 
justified in the case of boron, because it is known® that, 
if y-rays are emitted at all in the process, there must be 
less than one y-ray in 50 disintegrations. Also, there is no 
other conceivable process which could lead to the emission 
of low energy particles which could falsify our mean energy: 
The process B'*+H'=2 He'+He’* would, even with so 
high a value for the B® mass as 10.0146, set free an energy 
of only 1 MV, therefore the a-particles of this process 
could, even under most favorable conditions, not have 
more than 4 mm range. Or the other hand, in the Wilson 
chamber measurements of Kirchner* which we have used 
for determining the energy distribution of the a-rays, no 
tracks under 5 mm have been measured at all. The latter 
fact makes incidentally our determination of the energy 
evolved in the process an upper limit. 

The actual calculation gave for the mean energy of the 
a-particles observed by Kirchner 2.85+0.03 MV, corre- 
sponding to a total energy of all three particlesof 8.55 +0.10 
MV, in perfect agreement with the value deduced from 
the upper limit of the a-particle energy (8.7 MV) under 
the assumption that the fastest a-particles get just { of 
the total energy available which follows from momentum 
considerations.'"® Therefore we consider it as definitely 
established that the energy evolved in the disintegration 
of B" by proton bombardment is 8.5+0.2 MV, the energy 
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of the incident protons being about 150,000 volts in the 
experiments of Kirchner’ and of Rutherford and Oliphant.'® 
This makes the mass of B"=11.0078, referred to He 
= 4.00216. 

B” can then be immediately determined from Cock- 
croft's results": * on the transmutation B'®*+H*?=B"+H!, 
which gives B'® = 10.0116 in agreement with the estimate 
of Taylor and Goldhaber’ from the disintegration B'®+n! 
= Li’+Het. 

C™ is very well connected with B" by the reaction 
B’*+Het=C"+H!, investigated by Chadwick": ™“ and 
many others. C™ can then be determined from Cock- 
croft’s": * reaction C*+H*=C"+H!. It is safe to assume 
that the y-rays emitted® in the process are not connected 
with the observed proton group of 3 MV, but with another 
group of such small range that it escapes detection. There 
are many arguments in favor of this assumption: Firstly, 
the yield of protons is over 10 times the y-ray yield.“ 
Secondly, if the y-ray was associated with the 3 MV 
protons, the stability difficulty for the excited state of the 
C nucleus pointed out above would not be solved, since 
the C® mass would be 12.0030 referred to He (upper limit 
12.0014). Thirdly, it has never been observed and is 
indeed very unlikely from the theoretical point of view, 
that a transmutation leads always to the excited state of the 
final nucleus, and even 0.2 percent of faster protons would 
not have escaped detection.” Furthermore, the energy of 
the neutrons from a-bombardment of Be could not be 
reconciled with the high C mass 12.0030, and this applies 
to even greater extent to the neutrons from the reaction 
B"+Het = N"-+n!': Finally, the choice of the lower value 
of the C mass makes it possible to reconcile our miasses 
with Bainbridge’s determination of the Be mass referred 
to C (see below), and of the B™ mass referred to C and O. 

C® being determined, the rest is straightforward: N™ is 
obtained from Lawrence's data'* on the process N“+H? 
=C"+He't, then O” from Haxel’s'® experiments on 
N*“+Het=O0'+H!, and finally O'* from Cockcroft’s" 
O”"+H?=O'+H!'. The result is 


O' = 15.9952, referred to He = 4.00216. 


The ratio He : O appears therefore to be wrong by 3.0 
parts in 10,000. 

Changing back to O'*=16,"" we obtain the following 
values for the atomic weights of the lighter nuclei: 


Be*®= 9.013 5+0.000 7 
B'’’=10.0146+ .0010 
B'=11.011 1+ .001 1 
C®=12.0037+ .0007 
C¥=13.0069+ .0007 
N“= 14.007 62 .0004 
N=15.005 3+ .0005 
O” =17.0040+ .000 2 


n'=1.0085 +0.000 5 
H'! = 1,008 07+ .000 07 
H*=2.014 23+ .000 15 
H?=3.016 10+ .000 33 
He* =3.016 99+ .000 46 
Het = 4.003 36+ .000 23 
Lit =6.016 14+ .000 50 
Li’ =7.016 94+ .000 48 


referred to O'* = 16.000 00. The error in the lighter group 
is mainly due to insufficient knowledge of the ratio He : O, 
the accuracy of the determinations of the lighter elements 
with respect to He is much higher."* 

It is seen that the atomic weights of the heavier group 
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of elements (Be to O) has only been changed within the 
limits of error of the mass spectroscopical determinations. 
This applies even to Be, because this element has been 
measured with respect to C and CH, comparing the 
ratios Be : C and C : CH,. The increase of the atomic 
weight of H brings Bainbridge’s value for Be down to 
9.0145 +0.000 6, which agrees with our value nearly within 
the limits of error. 

The suggested change of the He : O ratio makes the 
energy balances for ali nuclear transformations correct, 
including those not used in the determination of atomic 
weights; e.g. 


Be®+ y—2Het+n! (Ref. 19) 
Be®+H'!—~2He'+H? (Ref. 1) 
Be*?+H*-+Li’ + Het (Ref. 1)*° 
B’°+H*+3Het (Ref. 12) 
B'°+ n'—+Li’+Het (Ref. 3) 
O'%+H*+N"+ Het (Ref, 11) 


It also explains why no long range a-particles are observed 
when Be® is bombarded by protons (14): The reaction 
Be®+H'—~Li*+He* should set only 1.6 MV energy free, 
of which the a-particle should receive 1 MV, corresponding 
to a range of about 5 mm. Particles of this range are 
observed, but the a-particles seem to be masked by the 
longer range (7 mm) deuterons. 

The values of the above table are still somewhat uncer- 
tain because of the fact that range-energy relation of fast 
particles is involved. This relation is at present being recon- 
sidered from the theoretical point of view, and there 
seems to be every hope of reducing the uncertainties due 
to this factor to a minimum. When these new data are 
available, it is hoped to make the fourth decimal of the 
atomic weight significant. The calculations will also be 
extended to heavier nuclei and, if possible, to some of the 
artificially radioactive ones. The increased accuracy of 
atomic weights will also no doubt be helpful in theoretical 
considerations on nuclear structure. 

H. BeETHE 


Cornell University, 
March 27, 1935. 


* Immediately before this note was sent to press, it came to my 
knowledge (Science, March 22, 1935) that Oliphant had arrived at 
essentially the same conclusions as pointed out here. No detailed 
account of Oliphant's arguments are yet available. 

! Oliphant, Report London Conference. 

* Lauritsen and Crane, Phys. Rev. 45, 493 (1934). 

* Taylor and Goldhaber, Nature 135, 341 (1935). 

* Bothe and Becker, Zeits. f. Physik 76, 421 (1932). 

5 Crane and Lauritsen, Report London Conference. 

* Crane, Delsasso, Fowler and Lauritsen, Phys. Rev. 46, 109 (1934). 

7 MacMillan, Phys. Rev. 46, 868 (1934). 

* Aston, Mass Spectra and Isotopes, p. 101. 

* Kirchner, Physik. Zeits. 34, 897 (1933). 

1” Oliphant and Rutherford, Proc. Roy. Soc. Al41, 266 (1933). 

"Cockcroft, Report London Conference. 

1? Cockcroft and Walton, Proc. Roy. Soc. Al44, 704 (1934). 

* Chadwick, Constable and Pollard, Proc. Roy. Soc. A130, 463 (1931). 

% Chadwick, Report to the London Conference on Nuclear Physics. 

% Lawrence, McMillan and Henderson, Phys. Rev. 47, 273 (1935). 

* Haxel, Zeits. f. Physik 93, 400 (1935). 

17 The question of changing to the scale He = 4.0000 might be recon- 
sidered at this moment when all atomic weights have to be changed 
anyhow. 

It is an advantage of the mass determination by transmutatior 
data that the determination of neighboring elements relative to each 
other is much more accurate than that of the absolute atomic weight 
because the relative masses of neighboring elements are needed in 
predicting the energy evolved in unknown transmutations. 

1% Szillard and Chalmers, Nature 134, 494 (1934) 

2% This process has been interpreted previously as Be* +H*—Li* + He’. 
The assumption of the existence of He* is now no longer necessary. 
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LETTERS TO 


Shower Producing Cosmic-Ray Primaries 


In a previous paper' the writer suggested that cosmic- 
ray showers, produced in heavy materials, are tertiary 
particles. These tertiary particles are ejected by light 
element secondaries and the secondaries are ejected by the 
primary rays. The absorption of these cosmic-ray primaries 
has now been measured. 

In order to accomplish this the usual arrangement of 
three Geiger counters in a triangle with a lead scatterer 
beneath the top counter was used to detect the showers. A 
sufficient thickness of paraffin wax was placed over the 
counters to cut out the air secondaries and also to produce 
the equilibrium amount of paraffin secondaries. The paraf- 
fin secondaries then produced tertiary showers which were 
counted. Lead absorbers of different thicknesses were 
placed above the wax. These absorbers cut out the primary 
rays and lower the equilibrium amount of paraffin second- 
aries so that the number of tertiary showers is lowered. 

The arrangement of Fig. 1 was used for this experiment. 


Lead | 


Porartin 














The Geiger counters were 20 cm long and 4.8 cm in 
diameter. The lead scatterer, S, was 0.85 cm thick, 10 cm 
wide and 30 cm long. The paraffin block was 33 cm thick, 
32 cm long and 12 cm wide. The lead block was 18 cm 
wide, 48 cm long and its thickness was varied. 

The counting rate with the arrangement of Fig. 1 with 
a lead absorber 5.3 cm thick was measured. Then the 
counting rate without the paraffin block was measured. It 
was found that taking out 33 cm of paraffin decreased the 
counting rate from 22.5 to 20.3 per hour. Evidently there 
was some secondary radiation from the paraffin which 
ejected tertiary showers from the lead scatterer. 

The thickness of the wax was held constant and that of 
the lead absorber was varied. The counting rates were de- 
termined for each thickness of the lead and the results, 
after the subtraction of a constant, are plotted in the curve 
of Fig. 2. The corrected counting rate has been plotted on 
the logarithmic scale against the thickness of the absorber. 
The experimental points fall on a straight line within the 
statistical error. Therefore the absorption obeys the ex- 
ponentia! law 

l=Ie™, (1) 
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where J is the counting rate of showers at a thickness x, 
Zo with thickness zero and yz is the absorption coefficient. 

First, the constant which must be subtracted from the 
actual counting rates to give the curve was calculated. 
Three equations of the type (1) with different thicknesses 
were solved simultaneously for this constant. Its value 
was found to be 17.0 per hour which is almost exactly the 
chance count with no materials near the counters. Then, 
the slope of the curve of Fig. 2 gave the required absorption 
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coefficient 0.50 cm Pb. This is the absorption coefficient 
of the primaries which are causing the showers. 

The absorption of the shower-producing radiation has 
been measured by several workers. Johnson*® found the 
radiation had the same absorption coefficient as the cor- 
puscular component, or about 0.50 m=' H,O. Then, Mont- 
gomery*® found a value of 0.90 m= H,O from measure- 
ments at different altitudes. Lastly, Pickering* has made 
three measurements beneath water which agree roughly 
with the results of Montgomery. 

If we assume the absorption obeys a mass law the absorp- 
tion coefficient is directly proportional to the desity, From 
this we find that Montgomery's data correspond to 0.10 
cm~! Pb. This is only one-fifth of our value for the absorp- 
tion coefficient. So we checked the work of Montgomery 
and of Pickering. Using the arrangement of Fig. 1 we 
removed the lead absorber and replaced the paraffin block 
with an aluminum one. From values of the counting rate 
with three thicknesses of aluminum, we find an absorption 
coefficient of 0.022 cm™ Al. This agrees very well with the 
results of the other workers, giving 0.82 m~' H,O to com- 
pare with their 0.90 m= H,O. From these results we con- 
clude that the absorption coefficient is not proportional to 
the density. 

I wish to thank Professor H. A. Wilson for many helpful 
interviews in the course of this work. 

J. H. Sawyer, Jr. 

Houston, Texas, 

March 25, 1935. 

‘J. H. Sawyer, Phys. Rev. 44, 249 (1933). 

:T. H. Johnson, Phys. Rev. 45, 569 (1934) 

*D. D. Montgomery and C. G. Montgomery, Phys. Rev. 47, 339 


(1935). 
«W. H. Pickering, Phys. Rev. 47, 423 (1935). 
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Hall Coefficients of Alkali Metals 


Studer and Williams' have recently determined the Hall 
coefficients of potassium and caesium. The purpose of 
this letter is to point out the interesting theoretical impli- 
cations of their experimental values. 

The classical formula for the Hall coefficient is 


R=c/ne, (1) 


where m is the density of free electrons, and e¢ is their 
charge. This formula is unaltered? when the classical 
statistics is replaced by the Fermi statistics. 

When account is taken of the fact that the electrons 
move in a periodic lattice, the expression for R becomes 
rather formidable.* However, when the energy of a con- 
duction electron, expressed as a function of its wave 
numbers k,, ky, &:, is 


E(k., ky, k:) =ek2+k?+k2), (2) 


where ¢ is an arbitrary constant, the Hall coefficient is 
again given by (1). » is now the density of conduction 
electrons (or of atoms for monovalent metals). Thus the 
validity of (1) is an indication of the validity of (2). 
From Table I we see that the agreement for Li is com- 


Tasre Il. Hall coeficients. 


Li Na K Rb Cs 
Rexp | —0.00175* —0.00255 —0,0042! —0.0078! 
Reaic| ~-0.00137 —0.00245 —0.00476 —0.0058 —0.0073 


paratively poor. This is a confirmation of the calculations 
of Millman’ which show that E(k,, k,, &.) is dependent 
upon the direction of the vector (k,, ky, &.). The excellent 
agreement for Na is a confirmation of the calculations of 
Slater* which show that for this element the energy of the 
conduction electrons is quite exactly given by (2). The 
relatively good agreement for potassium and caesium 
indicate that for these elements (2) is a very good approx- 
imation. 

CLARENCE ZENER 
Wayman Crow Laboratory of Physics, 

Washington University, 
St. Louis, Missouri, 
March 30, 1935. 

' Studer and Williams, Phys. Rev. 47, 291 (1935). 
? Sommerfeld and Frank, Rev. Mod. Phys. 3, 11 (1931). 
*H. Jones, Proc. Roy. Soc. Al44, 233 (1934). 
Pe and Zener, Proc. Roy. Soc. Al45, 271 (1934). 


. C. Slater, Phys. Rev. 45, 794 (1934). 
nt. Crit. Tables. 


The Energies of X-Ray Photoelectrons 


In recent papers, Ruark' has directed attention to the 
possibility of deciding between the crystal and ruled 
grating scales of x-ray wavelength, in the light of the 
Kretschmar? and Robinson® experiments on photoelectron 
energies. In his first paper, he showed that the measured 
energies were 0.36 percent higher than those computed 


THE 





EDITOR 


from crystal values of wavelength, and 0.61 percent higher 
than those from grating measurements. He pointed out, 
however, that changes in the most probable values of the 
physical constants might easily make the data favor the 
grating wavelengths, instead. In his second paper, using 
the Bearden-Biicklin value of ¢, and the Shane-Spedding 
value of e/m, he found that the measured value of the 
photoelectron energies is now 0.09 percent lower than 
those from ruled gratings, and consequently 0.34 percent 
lower than the crystal values. 

Kirkpatrick suggested to Ruark that the 0.09 percent 
discrepancy was in the correct direction to be explained by 
a retardation of the electrons in passing through the thin 
metallic foils from which they are ejected. When that 
suggestion was published, I was in correspondence with 
Kretschmar about the same point, and through his 
courtesy, was supplied with one of the platinum films 
which had been used in his work. Measurements of the 
absorption of light in the film enabled its thickness to be 
fixed‘ as somewhere between 3 and 6X10~' cm. The 
passage of electrons through matter follows the Thompson- 
Whiddington law: Vot— V,4=ax, where V» is the velocity 
of approach to a thin foil of thickness x, V, is the most 
probable value of the velocity after passing through, and 
a is a constant for a given metal. Several experimenters 
have verified this law for small velocity ranges, but have 
shown that a depends on the velocity. Terrill’ determined 
a(Au) for the range 8 =0.3 —0.4, and Klemperer® measured 
a@(Al) and a(Ni) in the range 8=0.15—0.22. From the 
experimentally determined law that a is directly propor- 
tional to the density of the absorber, it is possible to 
calculate a(Pt) for the two ranges. The values are 123 x 10" 
and 49X10", respectively. Kretschmar used electrons of 
8=0.24, so the value of a(Pt) in his case should be close 
to the mean of the two given above, or 86X10". If x is 
small, the Thomson-Whiddington law may be written in 
the form Vo= V,(1+ax/4V.*), or AV/V=ax/4V". Since 
AV/V varies directly with x, and since electrons come 
from all depths of the film in equal numbers, it is per- 
missible to use x/2 as the effective thickness of the film. 
ASE/E=2AV/V, so that AE/E=ax/4V*, where E is the 
energy of the electrons, and x is now the thickness of the 
foil in which the electrons originate. A small correction 
(+0.09 percent) is also needed to take account of the 
finite width of the slit in the 8-ray spectrograph.’ For the 
two extremes of x, it is found that the energies of the 
photoelectrons (in Kretschmar’s experiment) should be 
increased by 0.32 or 0.56 percent. These new values of the 
energies, therefore, favor the crystal rather than the 
grating scale, since their mean is 0.04 percent higher than 
the former, and 0.29 percent higher than the latter. 

Luis W. ALVAREZ 

University of Chicago, 

March 27, 1935. 
' Ruark, Phys. Rev. 45, 827 (1934); 47, 316 
* Kretschmar, Phys. Rev. 43, 417 (1933). 
* Robinson, Phil. Mag. 14, 605 (1932 
* Int. Crit. Tab. 5, 256 (1929) 
§ Terrill, Phys. Rev. 22, 101 (1923) 


* Klemperer, Zeits. f. Physik 34, 532 (1925) 
? Wooster, Proc. Roy. Soc. Al14, 729 (1927) 
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Proceedings 
of the 
American Physical Society 


MINUTES OF THE New YorK MEETING, FEBRUARY 22-23, 1935 


HE 197th regular meeting of the American 

Physical Society was held in New York on 
Friday and Saturday, February 22-23, 1935, as 
a joint meeting with the Optical Society of 
America. The presiding officers at the sessions of 
the Physical Society were Professor R. W. Wood, 
President of the Society, and Professor F. K. 
Richtmyer, Vice President. All sessions were 
held at Columbia University in the Physics 
Laboratories. 

The joint session with the Optical Society of 
America was held on Friday morning at nine- 
thirty o'clock. This session was a symposium on 
Atmospheric Optics. The President of the Optical 
Society, Dr. W. B. Rayton, presided. The in- 
vited papers were as follows: Jntroductior by 
Brian O'Brien, Institute of Applied Optics, 
University of Rochester; The Geometrical Theory 
of Halos by Edgar W. Woolard, U. S. Weather 
Bureau; Astronomical Seeing by J. A. Anderson, 
Mount Wilson Observatory; Distribution of 
Atmospheric Ozone by R. Ladenburg, Princeton 
University; and Light Absorption in the Aimos- 
phere and Its Photo-Chemisitry by Oliver R. 
Wulf, Bureau of Chemistry and Soils. The at- 
tendance at this symposium was about two 
hundred and fifty. 

On Friday evening the Society joined with the 
Optical Society for dinner at the Columbia 
University Faculty Club. This dinner was at- 
tended by one hundred and thirteen guests. 
The President of the Physical Society, Professor 
R. W. Wood, presided. 

Meeting of the Council. At its meeting on 
Friday, February 22, 1935, the Council elected 
two candidates to fellowship, transferred fifteen 


candidates from membership to fellowship, and 
elected thirty-four candidates to membership. 
Elected to fellowship: Hans Bethe and Clarence 
Zener. Transferred from membership to fellowship: 
Robert B. Barnes, Gerald W. Fox, Lawrence R. 
Hafstad, J. D. Hanawalt, James D. Hardy, 
Francis E. Haworth, John J. Hopfield, M. J. 
Kelly, Edward S. Lamar, W. Wallace Lozier, 
Gerald L. Pearson, Earle K. Plyler, Bertram E. 
Warren, Arthur P. R. Wadlund, and Hugh C. 
Wolfe. Elected to membership: George Barnes, F. 
T. Bowditch, Wilson M. Brubaker, C. J. Birkett 
Clews, Milton B. Dobrin, Edward B. Douglas, 
E. S. Flarsheim, Alexander Hollaender, Clinton 
Kaufman, Elmer J]. Krack, Hiroshi Kubota, Cecil 
T. Lane, Thorstein Larsen, E. P. Miller, Shigeo 
Nakagawa, Chaim L. Pekeris, Arthur L. Quirk, 
Raymond E. Reinhart, Gerald E. Rickwood, 
Frederick Romberg, Alfred Romer, Paul Rosen- 
berg, Shoichi Sakata, Yoshihiko Tachihara, 
Ryozo Tajime, Howard Tatel, Charles H. 
Tindal, Sigmund K. Waldorf, Robert J. Walsh 
Jr., Robert L. Weber, E. Bright Wilson Jr., 
R. H. Woodward, H. J. Yearian, and Lloyd A. 
Young. 

The titles and abstracts of papers presented 
before the Optical Society of America will be 
found in the Proceedings of that Society, pub- 
lished in the Journal of the Optical Society. 

The regular scientific program of the American 
Physical Society consisted of forty-six papers; 
numbers 13, 25, 38, 43, 44, 45 and 46 were read 
by title. The abstracts of the contributed papers 
are given in the following pages. An Author 
Index will be found at the end. 

HaROLp W. Wess, Acting Secretary 


ABSTRACTS 


1. Introduction. Brian O'Brien, Institute of Optics 
University of Rochester 


2. The Geometrical Theory of Halos. EnGar W. WooLarp, 


U. S. Weather Bureau. 


3. Astronomical Seeing. J}. A. ANpEeRsON, Mi. Wilson 
Observatory. 

4. Distribution of Atmospheric Ozone. R. LADENBURG, 
Princeton University. . 
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5. Light Absorption in the Atmosphere and Its Photo- 
Chemistry. OLiver R. Wutr, Bureau of Chemistry and 
Seils. 


6. Electron Temperatures in Mercury Vapor Afterglow. 
R. H. RANDALL, College of the City of New York, anv 
HaroLtp W. WEBB, Columbia University.—The time rate 
of decrease of electron temperature and concentration in 
a plasma free from external field has been studied in a 
stream of ionized vapor from a mercury arc flowing through 
a tube 30 cm long. The vapor velocity and density were 
determined from stroboscopic observations on the spacing 
of striations produced by an alternating voltage on a 
quenching grid and from measurements of the mass of 
streaming vapor. The computed pressure varied from 0.1 
to 2 mm. A movable Langmuir probe was used to measure 
electron temperatures and concentrations at different 
points in the tube. Above approximately 2500°K the 
cooling of the electrons was apparently due largely to 
diffusion to the walls. The rate of cooling, at a given 
temperature, decreased with increased pressure. Below 
2500°K the rate of cooling of the electrons rapidly fell to 
zero at a temperature considerably above the estimated 
gas temperature. The difference between this final constant 
temperature and the gas temperature was proportional to 
the pressure. To explain this final temperature level it is 
assumed that a process, depending upon recombination, 
tends to increase the electron temperature, balancing the 
normal cooling process. 


7. The Anchored Mercury Pool Cathode Spot. Lew: 
Tonks, General Electric Company.—A large number of 
metals show the property, when partially immersed in the 
cathode pool of a mercury arc tube, of holding the cathode 
spot at the meniscus edge in the form of a fine luminous 
line. A necessary condition is wetting of the metal, which 
requires an extremely clean metal surface. No metal tried 
definitely fails to anchor the spot although the ease of 
anchoring varies from the noble metals, Pd, Pt, Ir, with 
which no precautions are necessary, to Ta, which is most 
difficult. The “cathode line’’ (anchored spot) attacks 
many of the metals, eating them away and depositing 
metal on the tube wall opposite the “‘line.’’ Metals with 
melting points over 1900°C are immune to this erosion. 
A spectrogram of the C. L. showed great broadening of 
lines, possibly arising from extreme ion concentrations, 
and a continuum extending from the blue through the 
ultraviolet. The C. L. is not continuous but consists of 
rapidly and chaotically moving emitting areas. With Cb 
these are definitely points which carry 0.22 amp. each and 
move with the predominant velocity of 46 cm sec... With 
Mo, W, Ir the elementary emitting area is less definite. 


8. The Role of Surface Instability in Electrical Dis- 
charges from Drops of Alcohol and Water in Air at Atmos- 
pheric Pressure. Joun ZeLENY, Yale Universtty.—A study 
of previous work on discharges from charged attached 
drops and from uncharged drops falling in electric fields 
shows that the surface electric intensities at these drops, 
when the discharges begin, satisfy the theoretical relations 


for surface instability. Glow discharges, if initially present, 
are conditioned by the surface deformation arising from 
instability. Experiments are described that indicate that 
the highly charged droplets ejected by an alcohol surface 
may have mobilities not much below those of normal air 
ions while such droplets coming from a water surface 
may have mobilities even greater than those of air ions. 
Calculations, by Stokes’ law, show such large mobilities 
for both kinds of drops to be possible. Further experiments 
show that under certain conditions the whole discharge 
current from an alcohol drop is carried solely by droplets 
of the liquid resulting from surface instability, and under 
more restricted conditions the same may be true for a 
water drop. 


9. Quenching of Cadmium Resonance Radiation (3261) 
by Hydrogen. Harry C. Lipson Anp ALLAN C. G. 
MiTcHELL, New York University, University Heights.— 
The quenching by hydrogen of the Cd resonance line 3261 
was studied by illuminating two quartz resonance tubes 
by light from a hydrogen discharge tube containing Cd. 
One resonance tube contained Cd plus various amounts of 
hydrogen, while the other, which served as a standard, 
contained only Cd. Images from the two resonance tubes 
were recorded on a photographic plate and their intensities 
compared by means of intensity marks placed on the same 
plate. On plotting rZgQ against the pressure of hydrogen 
from the data a straight line was obtained and the effective 
quenching cross section was found to be o*°g =0.676 x 10-* 
cm*, taking r as 2.5X10~* sec. The vapor pressure of Cd 
in the resonance tube was about 5.6X10~ mm, corre- 
sponding to a temperature of 210°C. Further work on the 
quenching by other gases is in progress. 


10. Correlation Between Electromagnetic Theory and 
Wave Mechanics. LLoyp T. DeVore, The Pennsylvania 
State College. (Introduced by W. R. Ham:)—At the Pitts- 
burgh Meeting of the Society it was shown that on certain 
assumptions, equations, formally identical with those of 
Schrédinger, followed from the electromagnetic field equa- 
tions. These assumptions were as follows: (1) The vector 
potential of the field set up by the accelerated charges 
vanishes at the nucleus and at the outer boundary of the 
atom. (2) The energy of the standing waves is quantized 
by an application of the relation, E=hy. (3) The me- 
chanical momentum is equal to the electromagnetic 
momentum within the atom. In the present paper a 
discussion of the electrodynamics of the Bohr model leads 
to a discussion and modification of assumption (1) and an 
interpretation of assumption (2). It is shown that the 
standing waves referred to are radial and of the same order 
of magnitude as the de Broglie waves of the electron. All 
discussion tends to demonstrate the validity of assumption 


2 


(3). 

11. Approximate Atomic Wave Functions for Some 
Excited States of Helium. W. S. Wiison, Yale University, 
AND R. B. Linpsay, Brown University.—Normalized one 


electron wave functions and the corresponding fields and 
energy parameters have been computed by the Hartree 
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self-consistent field method for the following excited states 
of helium: (1s)*, (1s)(2s), (1s)(2p), (2s)*, (2)* and (2s)(2p). 
In the case of the (1s)(2s) and (1s)(2p) states comparison 
is made between the total radial charge density and that 
computed with the use of a variational method by Eckart 
and Vinti (Phys. Rev. 36, 878 (1930); 37, 448 (1931)) 
The agreement is satisfactory, but seems to show that the 
self-consistent field method yields results agreeing better 
in any given case with the singlet than with the triplet 
state. The total energy value of helium in the (2s)* state 
is calculated to be 1.4606 atomic units, corresponding to an 
energy change of 58.81 volts in the transition (1s)*—(2s)*. 
This is in fairly good agreement with the value of 59.25 
+0.12 volts found by Whiddington and Priestley (Proc. 
Roy. Soc. A145, 462 (1934)) as the energy loss in a single 
collision of an electron with a helium atom and probably 
indicates the type of transition involved in their experiment. 


12. Energy and Angular Momentum in Certain Optical 
Problems. R. v'E. ATKINSON, Rutgers University —The 
fact that circularly polarized light exerts a torque 2h/2* 
per photon on a half-wave plate on which it falls is shown 
to have been established by a very old experiment, of 
which a simplified modification is described. The experi- 
ment involves moving interference fringes, and a general 
condition for obtaining such fringes is enunciated and 
applied to five other problems. It is concluded that when 
polarized light is reflected obliquely from a metal mirror 
revolving in its own plane, the reflection coefficient should 
be changed by an amount proportional to the angular 
velocity; that a diffraction grating moving in its own 
plane should be able to give moving fringes; and that there 
is considerable support for the view that all photons 
should be regarded as possessing the same amount of 
angular momentum, the state of polarization of the light 
depending on their statistical arrangement. 


13. The Spherically Symmetric Field in the Born- 
Infeld Theory.' B. HorrMann, University of Rochester, 
N. Y.—Born and Infeld have proposed two sets of field 
equations* for the new field theory and have also suggested 
a method for including the gravitational field.* The most 
general spherically symmetric field allowed by each set of 
field equations has been investigated in the present paper 
and it is shown that each field must be static. The two 
fields may, with suitable choice of units, be written as: 
Case I. G#0 

dst = Ad? — A~'dr* —r*(d#* +sin* 6d ¢*), 
Fi=e/(r'+ut+e)!, 
Fy; = sin 8, 
where A =1—2m/r—4(1+A)r?+(1/r) L'(r* +2 +2) hdr, 
and 
Case II. G=0 
ds* = Adf* — A~‘dr? — r*(d@* +-sin? 6d¢"), 
Fua=e(ritwe)/r(rt+e)), 
F=y sin @, 
where 


A=1—2m/r—}(1+A r+(1/r) Sor (4 +2) (1! +e))! r?-dr. 


Each field corresponds to a particle of charge « and 
magnetic pole strength w. If isolated magnetic poles are 
allowed, the second field has an infinity at the pole that is 
avoided by the first field. 


' Sent to the Oxford Quarterly jours! under the title, On the Spheri- 
colly Symmetric Field in Relativii il. 
— Roy. Soc. Al44, 425 (1934), Eqs. (2.15) and (2.28), respec- 
tively 
* Ibid. p. 435. 


14. Huygens’ Principle and the Lorentz Contraction 
Hypothesis. N. Gatii-SHouat, Rockford College, Rockford, 
Illinois.—From the application of Huygen's principle to 
the reflection of light from a moving mirror follows (E. 
Kohl, Ann. d. Physik 28, 259 (1909)), that the relative 
ray—the ray observed by a moving observer—deviates in 
the second order from the ordinary law of reflection. The 
angle of deviation Ag =(v*/c*) cos* » sin 2@y, here ¢ is the 
angle of incidence of the relative ray, @y~ the angle which 
a perpendicular to the mirror makes with the direction of 
velocity v, c—velocity of light. If we now introduce into 
consideration the Lorentz contraction, we can see that the 
angles 0, 6, respectively, which the mirror and the 
telescope (two openings) make with the direction of motion 
change with respect to the ether by an amount A@,, dé, 
which is found to be: 


M6, = }(v*/c*) sin 28,, Ad, = }(v"/c*) sin 28,. 


Combining this with Huygens’ principle, we found the 
resulting deviation from the law of reflection to be: 


x=Ag—2A8,, — A6, = }(0"/c*) cos 2¢ sin 206y~— }(v*/c*) sin 28,. 


This shows that the Lorentz contraction does not compen- 
sate the second order effect due to Huygen's principle, as 
would be expected according to the theory of relativity. 


15. On the Emission of Protons by Samarium. J. A. 
BEARDEN AND W. R. Kanne, Johns Hopkins University.— 
In a study of the radioactivity of samarium (Phys. Rev. 
45, 743 (1934)), the range of the emitted a-particle was 
determined by using a thin source made from samarium 
oxide. In this work only one type of ionizing particle was 
observed. However, Mader (Zeits. f{. Physik 88, 601 (1934)) 
also found an emitted proton of ionizing power equal to 
about one-half that of the a-particle. The resolving power 
of the apparatus as used above was such that one could 
not definitely exclude the possibility of a proton emission. 
The apparatus has been improved and a thin source has 
been obtained by using samarium chloride dissolved in 
alcohol. The resolving power is such that two groups of 
a-particles which differ in range by 2 mm can be detected. 
From the measurement of more than 2100 particles emitted 
by samarium there is still no evidence of a particle of an 
ionizing power equivalent to that found by Mader. This 
is in agreement with the results of Ortner and Schintl- 
meister (Zeits. f. Physik 90, 698 (1934)). It is possible that 
the apparent particle group found by Mader was due to 
columnar ionization (D. Lyford, Thesis, Johns Hopkins 
University, 1934). b 
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16. Absorption and Scattering of Slow Neutrons. 
J. R. Dunninc anv G. B. PeGram, Columbia University.— 
Experiments on the low velocity neutrons, shown by 
Fermi and his colleagues to be most effective in many cases 
in producing artificial radioactivity, indicate that few if 
any of such slow neutrons have sufficient energy to permit 
detection by a paraffin front ionization chamber-amplifier 
system. Cd, which has an extraordinary nuclear cross 
section for collision with slow neutrons, does not show 
unusual cross section for neutrons detected through pro- 
jected protons. To measure the intensity of slow neutron 
radiation, it is convenient to count the ionizing particles 
coming from a film of lithium under the action of slow 
neutrons. The absorption and scattering, as compared with 
high energy neutrons, of slow neutrons from a Radon-Be 
source in the center of a paraffin sphere have been studied. 
Most of the elements used as absorbers show no marked 
difference as between fast and slow neutrons. Besides 
cadmium, boron and mercury as noted by Fermi and his 
colleagues, tungsten shows a marked specific absorption 
for these slow neutrons. The effect of the size of the paraffin 
sphere surrounding the neutron source on the number of 
slow neutrons affecting the lithium film at a distance of 25 
cm from the source, was measured by the absorption 
produced by a screen of Cd 1 mm thick. Above a certain 
region, the increase in number of slow neutrons is not 
large, since with a paraffin sphere of 6.2 cm radius sur- 
rounding the source, 23 neutrons per minute were in the 
absorption range of Cd, with a sphere of 10.1 cm radius, 
26 neutrons per minute, and with a 12.7 cm radius sphere, 
28 neutrons per minute. 


17. The Capture and Scattering of Neutrons. 11. A. 
BetTHe, Cornell University. (Introduced by R. C. Gibbs.) — 
Recent experiments show that many heavy elements can 
be disintegrated by neutrons and the disintegrative cross 
section increases with decreasing neutron velocity. This 
evidence together with chemical evidence and theoretical 
considerations suggest neutron capture by the nucleus, 
the surplus energy being radiated. The maximum observed 
cross section for Ag, referring to neutrons with kinetic 
energy &7, is 2X10-*. Theoretically, the cross section for 
radiative capture is 


(et hh af 
— — — hw —, 
mc? mc E dE 


where E is the kinetic energy of captured neutron, hw 
the radiated energy, m and ¢’ the effective mass and charge 
of the neutron. df/dE is the oscillator strength of the transi- 
tion from free to bound state per unit energy. If the 
potential between neutron and nucleus decreases faster 
than 1/r*, df/dE decreases as (E/E,)' for E small. Ep is 
a critical energy such that for E<E» the W K B solution 
is invalid. Ey is determined by the form of the potential 
and is zero for slowing decreasing potential. When the 
WKB method is applicable (a) for all EZ, the elastic 
scattering cross section is 


&. ~ rh? /mE (2) 


Prag =" 


(1) 


and 4)/%raq ™~ 10,000, if hudf/dE be taken as unity, but 


experimentally 4.)/®raq ™ 1; (b) for E>Ey then %¢1/Praq 
~ 10,000(£/E,)', which is much smaller than for case (a). 
Attributing the cross section 2 <10~** obtained from ab- 
sorption measurements of neutrons in Ag as that of elastic 
scattering, Ey is about 10,000 volts, and taking E=kT 
=1/40 volt then .)/%,,4 ~ 15. The magnetic interaction 
between neutron spin and nuclear motion would be ten 
times too small to account for the observed effect; further- 
more this interaction should be zero if the angular mo- 
mentum of the neutron vanishes as it must when the 
probability of scattering and capture is to be large. 


18. Alpha-Particle Scattering by Deuterons and Protons. 
HENRY MARGENAU AND ERNeEst PoLiarp, Yale University. 
—If alpha-particles impinge on matter the yield of scattered 
nuclei first diminishes according to the 1/V* law until 
anomalous scattering sets in. From the energies at which 
anomalous scattering occurs it is possible to estimate the 
distance at which the classical law of force between the 
nucleus and alpha-particle breaks down. Experiments have 
been carried out to determine the energy at which anom- 
alous scattering is observed for alpha-particle collision 
with deuterons and protons. The results on protons con- 
firm the work of Chadwick and Bieler and show that 
anomalous scattering is detected at the range of a 1.7 cm 
alpha-particle (for direct impact). A corresponding rise 
for deuterium was observed at an alpha-particle range of 
1.3-1.6 cm. The distances between nuclei at which anom- 
alous scattering is detected are: 


Proton—alpha-particle = 4.6 X 10-" cm. 
Deuteron—alpha-particle = 3.1 x 10~" cm. 


19. Proportional (Geiger-Klemperer) Nuclear Particle 
Counter, and Attempts to Detect Deuterons from Two 
Favorable Reactions. WiLL1amM W. EATON AND ERNEST 
POLLARD, Yale University. (Introduced by A. F. Kovarik.)— 
An account is given of the development and of some appli- 
cations of a proportional counter for detecting highly- 
ionizing nuclear particles. As compared with linear 
counters depending on high gain amplifiers, the new 
counter is free from electrical interference. A search for 
deuterons of 8 cm range from the reaction of 3.9 cm a- 
particles with nitrogen, stimulated by a suggestion of F. 
Perrin, was unsuccessful. No group of particles with 4 to 
10 cm range was found except a group of protons, due to 
resonance, at 6 cm. That these were protons was checked 
by magnetic deviation. Another possible nuclear reaction: 
5B” +.Het = ,C"+,D*, would be expected to yield 16 cm 
range deuterons. Heidenreich reports a group of particles 
of about this range. No group of deuterons greater than 
25 percent of the natural proton background was here 
detected. In the course of the magnetic deviation experi- 
ments, the particles resulting from the bombardment of 
material containing deuterium were shown by direct com- 
parison to have a mass of about twice that of a proton. 


20. Heights of Nuclear Potential Barriers. Ernest 
POLLARD, Yale University. (Introduced by A. F. Kovarik.)— 
An attempt has been made to use the available data on 
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disintegration and anomalous scattering using alpha- 
particles, to estimate the energy of the nuclear barrier tops. 
If the minimum disintegration or anomalous scattering 
energies given by various workers are assumed to cor- 
respond to a penetration of 10 percent and the Gamow 
penetration formula holds for these energies an allowance 
can be made for penetration which yields values for the 
barrier heights which should show their behavior. It is 
found that while the uncorrected minimum energies vary 
linearly with Z, to a first approximation, the corrected 
values behave differently, being governed by the rule that 
the cube of the radius at the summit is proportional to the 
atomic weight. The numerical values found are in good 
agreement with estimates of nuclear radii made by 
Dunning, Eastman and Gamow and it is suggested that 
the rule governs all nuclei (again to a first approximation). 
Hydrogen does not fit the line and this is linked with the 
fact that known proton barriers do not obey the same rule. 
It is suggested that where there is equality of neutron- 
proton content a second order force alone operates between 
particles but that an isolated neutron or proton is subject 
to a first order field which extends farther from the nucleus. 
Potentials A/r® (first order); B/r'? (second order) would 
serve to explain the data. 


21. Acceleration of Electrons to High Energies. Her- 
BERT TROTTER, JR., AND J. W. Beams, University of Vir- 
ginia.—The method of accelerating electrons to high 
energies without the use of extremely high voltages (Phys. 
Rev. 45, 849 (1934)) has been improved and extended. An 
initial potential of 4.5 x 10* volts was increased to 5.4 « 10° 
volts by a Marx circuit. This was then applied impulsively 
by an overvolted vacuum spark gap to seven transmission 
lines. The first line terminated in a pointed wire while the 
ends of the remaining lines were attached each in suc- 
cession to properly spaced hollow cylindrical electrodes 
mounted coaxially with the wire in an evacuated glass 
tube 400 cm long. The lines were adjusted so that the times 
of arrival of the electric impulses at the respective elec- 
trodes in the tube were such as first to pull electrons out 
of the pointed wire and then accelerate them between each 
successive pair of electrodes. The maximum energy of the 
electrons as determined by their deflection in a magnetic 
field was roughly 2.510* volts. A vacuum spark gap 
supplied with impulsive potentials of 210° volts at the 
rate of 800 per sec. by a Marx circuit, the gaps of which 
were quenched by air jets, was found to function satis- 
factorily. Hence, when requisite power is available, the 
method should be capable of giving high speed particles 
in considerable numbers. 


22. Band Spectra of Beryllium Deuteride. Pamir G. 
Koontz, Yale University. (Introduced by Wm. W. Watson.) 
—Spectrograms of the '2-+'r BeD* bands in the region 
4A2200-3100 have been taken on a Hilger El spectro- 
graph and the *II—* r BeD bands at A4990 have been 
photographed in the third order of a 21-foot grating. 
Rotational analysis of seven BeD* bands gives B,’ = 3.9712, 
a’ =0.0578, B,”” =5.955, a’ =0.1233. By using Bengtsson’s 


value of B,” =10.813 for the BeH* system, p*?= B,*""/B,”” 
=0.55073. The ratio of the reduced masses gives almost 
this identical value. The vibrational equation 


vo = 39,416.2 + 1096.4(0' + §) —8.5 (0 + §)?—0.16(0' + 4)? 
— [1647.6(0” + 4) —21.9(0" + 4)? —0.06(0” + §)*] 


is found, giving an electronic isotope shift of 0.8 cm™. 
Rotational analysis of the BeD (0,0) and (1,1) bands gives 
B,' =5.7583, a’ =0.131, B,” =5.6807, a’’=0.122. Using 
Olsson’s value of B,’’=10.308 for BeH, we have 
= B,*"/B,” =0.55110, whereas calculation from atomic 
masses gives p* = 0.55070, an increase of 0.07 percent. The 
identity of the ratio of the B,’s and of the ratio of reduced 
masses in the ultraviolet bands, and the difference of the 
two values in the green bands agrees with predictions by 
Kronig that in certain cases the potential energy functions 
are not the same for the two isotopic molecules. The A- 
doublings of the BeD and BeH bands are compared. 


23. The Infrared Absorption Spectrum of Methyl 
Deuteride. NatHan GinspurG AND E. F. Barker, 
University of Michigan.—The vibration-rotation inter- 
action in normal methane makes it impossible to obtain 
directly from the observed bands the moment of inertia 
and molecular dimensions. The replacement of one of the 
H atoms by deuterium reduces the degeneracy, and gives 
rise to six fundamental frequencies of which three are 
single and three are double. The corresponding bands have 
all been observed. Of the three parallel type bands, two 
lie very close to the bands of normal methane and are 
difficult to separate completely. The one at 2205 cm™, 
however, is well isolated and has been completely resolved. 
It yields a value of 7.166 10-® g cm* for the moment of 
inertia about an axis perpendicular to the symmetry axis 
of the molecule, and this determines the interatomic dis- 
tances, which are C—H=1.093X10-* cm and H—H 
= 1.785 X10-* cm. The moment of inertia about the axis 
of symmetry, which must be equal to that of normal 
methane, is then determined as 5.298 X10-® g cm’. 


24. Ultraviolet Absorption Spectra of the Deutero- 
Ammonias. W. S. Beneprct, National Research Fellow, 
Princeton University.—Spectrograms of ammonia samples 
containing varying amounts of deuterium have been 
obtained over a considerable range of temperature and 
pressure. A vibrational analysis has been made for each 
of the molecules NH;, NH:.D, NHD, and ND,. Some 
bands in NDy,, those ending on the zero vibrational level 
of the upper electronic state, show discrete rotational 
structure; the zero levels of the other isotopic molecules, 
by virtue of their greater zero-point energy, lie above the 
predissociation limit and are diffuse. A partial rotational 
analysis of the discrete bands agrees with the vibrational 
analysis in showing the upper state to have the equi- 
librium configuration of a plane equilateral triangle, and 
gives fox—» = 1.07A. Potential functions may be calculated 
for both states which account for the observed isotope 
shifts. 
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25. Bands of BF Excited by the Electrodeless Discharge. 
Herpert M. Strronc anp H. P. Knauss, Ohio State 
University.—The molecules N;, CO and BF have identical 
numbers of electrons, and similar mass, but different sym- 
metry. A search has been made for BF bands by exciting 
BF, gas in the electrodeless discharge. Very pure BF;, 
furnished by Booth and Willson of Western Reserve Uni- 
versity, was sealed off in a Pyrex tube with a thin window 
transparent to ultraviolet light, and the spectrum was 
obtained with a Hilger El spectrograph. The bands ob- 
tained show a marked resemblance to those of CO, but 
with the subheads somewhat closer together. Observed 
bands include those reported by Tawde and Johnson 
(Phil. Mag. 13, 501 (1932)), and bands at 3392-3399 and 
3250-3257A found recently by Mulliken and Dull (private 
communication). The following new bands are obtained: 
3118-3121, 3355-3364, 3506-3510, 3545-3550, 3558-3567 
and 3709-3716A. Observations are in progress with a 21- 
foot grating spectrograph. The BF; gas cleans up rather 
rapidly in the tube during the discharge, thereby making 
it difficult to obtain the necessary long exposures. 


26. Band Systems of MgCl, CaCl and SrCl. ALLAN E. 
PARKER, Columbia University.—A vibrational analysis has 
been made of band systems due to MgCl, CaCl and SrCl. 
There are two systems due to MgCl with »g=26,441.5, 
w’ = 474.8 and w”’ = 447.4 for the more intense system and 
vg = 25,887.2, w’ = 466.9 and w”’ = 447.4 for the less intense 
system. CaCl has three extensive systems with vz 
= 16,093.5, w’ = 367.1, w” = 364.5; vg = 16,850.6, w’ = 361.0, 
wo” = 364.0; »g=26,498.9, w’=336.0, w’’=368.3, respec- 
tively. There are also three weakly developed systems. Two 
strong systems of SrCl are observed with the respective 
constants vg=15,716.9, w’=306.3, w”’=301.6 and vz 
= 25,401.7, w’=279.3, w’’=298.9. SrCl has three poorly 
defined systems as well. The isotope effect due to Cl® and 
Cl" is observed in all transitions. The rotational structure 
is partially resolved for most systems, and in the ultra- 
violet CaCl bands sufficiently to estimate that B’=0.24 
and B”=0.26. The electronic states and dissociation 
products will be discussed. All values are expressed in 
cm", 


27. Ultraviolet I, Fluorescence. DANA T. WARREN, 
Yale University.—Ultraviolet fluorescence spectra have 
been taken and measured microphotometrically under 
various conditions. The McLennan bands at wavelengths 
below A2400 are overlaid by fine structure, as reported by 
Loomis and Allen. Vibrational analysis of this shows that 
it consists of fluorescence series, belonging to absorption 
chiefly from the v’ =0, 1, 2 levels of the ground state, and 
joining onto Oldenberg’'s single resonance series. Both Hg 
and Al excitation show closely similar spectra. The re- 
semblance of this spectrum to that found by Asagoe in an 
electric discharge indicates that the latter is also a reso- 
mance spectrum, as he suggests. The diffuse McLennan 
bands fall into two series divided at about \3340. These 
series show remarkable similarity in their variation with 
excitation conditions. Fluorescence shows the short wave- 
length series more completely resolved (presumably be- 
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cause of limitation of J values) than does the electrical 
discharge. Comparison of the two systems shows that each 
unexpectedly has vibrational intervals falling into two 
similar well-defined groups; the intervals in each system 
alternate between the two values for a part of their range. 
This similarity must be due to the lower state, the differ- 
ence in upper state being indicated by the difference in 
relative intensity of the systems in different emission 


sources. 


28. Anomalous Intensity Distribution in Spectra Given 
by Certain Ruled Diffraction Gratings. KR. W. Woop, 
Johns Hopkins University.—Further study has been made 
of the gratings reported at the Pittsburgh meeting which 
give polarized spectra in which a fifteen-fold increment of 
intensity occurs within a spectral range of 100A. These very 
remarkable cases should be of interest to members familiar 
with Lord Rayleigh’s dynamical theory of the diffraction 
grating. Grating replicas made by a new process will also 
be shown. 


29. The Enhancement of Cosmic-Ray Nuclear Bursts 
by the Presence of Subsidiary Material. C. G. Mont- 
GOMERY, D. D. MONTGOMERY AND W. F. G. Swann, Bartol 
Research Foundation of the Franklin Institute -—Cloud 
chamber experiments by G. L. Locher suggested that 
radiations from a primary burst possessed the power 
to stimulate secondary, and perhaps tertiary bursts, so 
that it should even be possible to initiate bursts in a 
body B by action of the radiation stimulated in another 
body A by the primary radiation. Under such condi- 
tions, the frequency of bursts produced in the wall of 
an iron chamber over which is placed a water tank 
should depend upon the amount of water, increasing 
with the thickness of the water up to a point where the 
absorption of the primaries compensates the effect. The 
writers have performed the experiment cited, using an iron 
sphere of 14.2 liters capacity and 2.5 cm wall thickness, 
placed 75 cm below a tank 126 cm in diameter and 150 cm 
high. It was found that the number of bursts of all sizes 
greater than 0.5 X10* ions increased with the thickness of 
the water, attaining at a thickness of 79 cm a value 20 
percent greater than the value at zero thickness, but a 
value equal to the initial value at 136 cm of water. That 
the secondary bursts referred to are produced in the iron 
is guaranteed by the fact that the substitution of a mag- 
nesium sphere for the iron one eliminates the phenomenon. 


30. Evidence for a Positron-Negatron Component of the 
Primary Cosmic Radiation. THomas H. Jounson, Bartol 
Research Foundation of the Franklin Institute and the Car- 
negie Institution of Washington.—Recent coincidence 
counter measurements at several stations have shown that 
(1) cosmic-ray showers (events in which two or more rays 
emerge simultaneously from a lead plate) are more intense 
relative to the total radiation at high elevations, (2) high 
elevation (4300 m) shower intensities have about the 
same latitude effect as the total radiation, (3) sea-level 
showers have little, if any, latitude effect above 29°, (4) 
high elevation showers at latitude 29° are almost completely 
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symmetric with respect to the meridian plane, (5) sea-level 
showers at the equator are slightly asymmetric favoring 
the west. These facts are accounted for on the hypotheses 
(1) high elevation showers are produced principally by 
positron-negatron primary rays (latitude effect but no 
asymmetry) and (2) the asymmetry in the total radiation 
is produced by more penetrating positives, presumably 
protons, which also produce enough of the showers at sea 
level to account for the slight asymmetry at the equator. 
The negative component which is thus introduced seems 
now to be required to harmonize asymmetries and latitude 
effects in the light of new calculations of Lemaitre, Val- 
larta and Bouckaert. The hypotheses to which these facts 
lead are similar to those proposed on other grounds by 
Compton and Bethe. 


31. The Absorption of Cosmic-Ray Electrons in Lead. 
R. H. Woopwarp Anp J. C. Street, Harvard University.— 
The validity of Rossi's counter observations of the pene- 
tration of cosmic-ray electrons through lead has been 
questioned on two counts—(1) uncertainty of the con- 
tribution of electron showers and (2) failure of the results 
to agree with the energy distribution and specific energy 
loss measurements of Anderson. A test of the first point 
has been made with a four counter unit so spaced that 90 
cm of lead could be introduced between the counters. Ad- 
ditional counters connected as a hodoscope unit (Johnson 
and Stevenson, J. Frank. Inst.,V. 216, 32 9 (1933)) con- 
trolled by the coincidence set were placed adjacent to the 
coincidence counters in order to detect any showers 
scattered from the beam or coming in from the sides. In 
only 10 percent of the coincidences do the hodoscope 
counters detect any associated ray. This result is the 
same with and without the lead. These observations show 
that the first objection is not important. As a test of the 
second point accurate data on the absorption curve up to 
90 cm of lead have been obtained. These observations have 
been compared with Anderson's energy distribution (for 
the counter controlled data) to determine what specific 
energy loss values for electrons in lead must be assumed 
to satisfy both sets of data. The results are given in the 
table. 


Average energy loss (m.e.v.) 


per cm Pb 45 31 


. 25 0 
Energy range (m.e.v.) 0-680 680-1150 1150-1900 1900-2500 


32. Nature of the Penetrating Cosmic Radiation at Sea 
Level. E. C. StEvENSON AND J. C. Street, Harvard Uni- 
versity—Three counters were placed in a vertical plane 
with a 22 cm cloud chamber between the lower two and 
the upper two.so spaced that lead up to a thickness of 45 
cm could be inserted between them. A coincidence circuit 
for the three counters controlled the chamber. This arrange- 
ment permits a study of the mechanism of coincident 
counter discharges. Forty-four photographs were taken 
with 45 cm and 48 with 15 cm of lead, respectively, 
between the upper counters. In the first case 39 pictures 
showed single straight tracks directed in a line through the 
three counters and the intervening lead. One had two such 
tracks, three had sharply inclined straight rays and the 


last had only two weak beta-rays. With 15 cm of lead the 
numbers falling in these categories were 42, 2, 3 and 1, 
respectively. In the first case 24 of the photographs having 
single rays showed contemporary secondary phenomena 
such as one or two sharply inclined straight tracks or soft 
electron tracks. In the second case there were 29 such 
occurrences. Summed up these results are strong evidence 
that at least 90 percent of the coincident counts for such 
an arrangement are directly due to the passage of single 
electrons through the apparatus. 


33. A Two-Crystal Transmission Spectrometer for 
Ultra-Short X-Rays. T. R. CuyKENDALL AND M. T. Jones, 
Cornell University.—A brief description, with sample data 
obtained, is given of a 600,000 volt x-ray plant. The poten- 
tial, obtained from two induction coils, is applied across 
the two sections of a large x-ray tube evacuated with 
Apiezon oil pumps. The size and the position of the focal 
spot are adjustable by a “magnetic lens” and syliphon 
bellows, respectively. The target is cooled with ice water 
circulated by an air bubble hoist. The complete system is 
operated by remote control from a lead house. A sphere gap 
measures peak voltage, a generating voltmeter of the 
Kirkpatrick type indicates relative values. The design of 
a direct-reading two-crystal spectrometer for use in the 
region 0.03<A<0.20A is described. The need for long 
crystal faces is avoided by placing the crystals directly in 
the path of the beam, so that the “transmission method” 
is employed. The crystals are 123 cm apart enabling the 
second crystal to be shielded from the direct beam. The 
ionization chamber, containing argon at 80 atmospheres, 
has been found linear over the range of intensities ob- 
served. The calibration of the spectrometer and the 
elimination of the background are discussed. A resolution 
of 28 at 0.05A is obtained with the crystals used. 


34. Absorption of X-Rays in the Wavelength Range 50 
X.U. to 200 X.U. M. T. Jones anp T. R. CuYKENDALL, 
Cornell University.—Absorption coefficients for x-rays in 
the wavelength range 50<’<200 X.U. have been meas- 
ured for the following elements: C (6), Na (11), Al (13), 
K (19), Ni (28), Cu (29), Cb (41), Mo (42), Ag (47), Sn 
(50), Ta (73) and Pb (82). The Klein-Nishina formula for ¢, 
the absorption coefficient due to scattering, gives within 1 
percent the observed absorption coefficients in carbon for 
the region 40 <A<100 X.U.; and in sodium for the region 
50<A<70 X.U. The observed absorption coefficients in 
aluminum are higher than @ by 2.5 percent at 50 X.U. and 
by 22 percent at 140 X.U. Assuming the correctness of 
the Klein-Nishina formula for ¢, the photoelectric absorp- 
tion r is calculated from 4 =r+<¢, where uw is the observed 
total absorption coefficient. r is less than 10 percent of u 
in sodium for \<110 X.U.; in aluminum for \<100 X.U.; 
and in potassium for \<70 X.U. The photoelectric absorp- 
tion for an element of atomic number Z may be expressed 
empirically by r=Kd*Z*, where K is a constant. For 
elements from Ni (28) to Pb (82), @ decreases from about 
2.9 to 2.6. For elements from Cb (41) to Pb (82), 8 
decreases from about 3.85 to 3.5 as the wavelength in- 
creases from 50 X.U. to 140 X.U. 
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35. Calculation of the X-Ray Energy Level Widths of 
Au (79). E. Ramperc anp F. K. Ricutmyer,' Cornell 
University.—The natural width of any energy level of an 
atom is given by the reciprocal lifetime of the corresponding 
state which in turn is equal to the sum of the transition 
probabilities to all states of lower energy plus the proba- 
bility of the radiationless dissociation of the atom into an 
ion and free electron (Auger effect). To compare theoretical 
expectation with measurements on Au (79) reported by 
S. W. Barnes and the authors (Phys. Rev. 46, 843 (1934)), 
wave functions were calculated for electrons moving in the 
Fermi-Thomas field of T1 (81)**; by use of these functions, 
the coordinate matrix elements and Coulomb interaction 
integrals were computed to determine the probabilities of 
the emission of dipole and quadrupole radiation and of 
the occurrence of Auger effects, respectively. Preliminary 
numerical results are given; they indicate that the Auger 
effects are responsible for the relatively large width of the 
levels of high total quantum number as well as for the 
greater width of levels with small azimuthal quantum 
number. 


' Grateful acknowledgment is made to the American Philosophical 
Society for a grant-in-aid of this research. F. K. R. 


36. X-Ray Wavelength Scales. Artuur E. Rvuark, 
University of North Carolina.—Experiments of Bearden 
and of Backlin strongly support the ruled-grating scale of 
x-ray wavelengths, and indicate that crystal wavelengths 
differ from them by a constant factor, due to the use of an 
incorrect value of the calcite grating space. Now, acceptance 
of ruled-grating wavelengths implies that ¢ = (4.805 +0.003) 
x 10-” e.s.u. If we employ this value, and the e/m value 
of Shane and Spedding, (1.759 +-0.0003)10" e.m.u./gram, 
then the puzzling discrepancy between measured and cal- 
culated energies of photoelectrons, discussed in a paper by 
the writer (Phys. Rev. 45, 827 (1934)), is entirely removed. 


37. The Size and Arrangement of Bismuth Micro- 
crystals Formed from Vapor. C. T. Lane, Yale Uni- 
versity. (Introduced by L. W. McKeehan.)—The magneto- 
resistance of films of bismuth, deposited on glass and mica, 
has been measured at room and liquid-air temperatures 
and for various angles between the film normal and the 
magnetic field (H = 16,000). The ratio AR_:s0/AR,20 rises 
steeply for thicknesses between 0.14 and 0.44 and then 
much more gradually to a thickness of 4u. The thermal 
coefficient of resistance shows no corresponding anomaly. 
X-ray analysis shows all the films to be composed princi- 
pally of small crystals with (111) parallel to the backing. 
AR varies with the direction of H, the current remaining 
always in one direction in the film, approximately as 
predicted, from experiments on monocrystals for such an 
assembly. It is suggested that at a thickness of 0.4u the 
microcrystals first attain a normal distribution of sizes. 


38. The Crystal Structure of Cuprous Ferrite. WALTER 
SOLLER AND A. J. THompson, University of Arizona.— 
Because of the importance of copper ferrites in metallurgy, 
several forms of copper ferrites were produced by heat 
treatment and studied. One form was found to be only 


slightly magnetic compared with the highly magnetic 
cubic form of cupric ferrite. Chemical analysis showed this 
form had the formula CuFeO,. X-ray diffraction patterns 
and photo-densitometer charts were obtained of this 
cuprous ferrite. The charts were analyzed, and the in- 
tensities of the lines were determined by the method 
described in the paper given by Soller at the Berkeley 
meeting, June, 1934 (Phys. Rev. 46, 331 (1934)). CuFeO, 
was found to have a rhombic lattice with unit cell di- 
mensions, @=5.96A, a=29° 26’ and one molecule to the 
cell. The rhombic coordinates of the atoms were os follows: 
Cu (0, 0, 0); Fe (1/2, 1/2, 1/2); O (1/9, 1/9, 1/9) and 
(—1/9, —1/9, —1/9). Cuprous ferrite belongs, therefore, 
to space symmetry group D*4. 


39. Electric Impedance of Muscle. Kennetu S. Core, 
Columbia University, AND Emm Bozver, University of 
Pennsylvania.—A muscle is assumed to be a homogeneous 
random suspension of parallel fibers in an electrolyte, and 
each fiber to be a circular cylinder of electrolyte surrounded 
by a thin poorly conducting membrane. The expressions 
derived for the resistance and reactance normal to the 
fiber axes are similar to those previously given for sus- 
pensions of spherical cells, and involve the resistances of 
the external and internal electrolytes, the resistance and 
reactance of the membranes, and the volume concentration 
and diameter of the fibers. From measurements of the 
resistance and capacity of the relaxed frog sartorius muscle 
at frequencies from 10° to 10* cycles per second, it is found 
that the fiber membrane has a complex polarization 
impedance of the form, s =2;(iw)~*, where i= ¥ —1, w=2r 
times the frequency, a = 0.79, and z, = 1.35 X 10° ohms/cm?*. 
Although the volume concentration of fibers is difficult to 
determine, it is indicated that the membrane has an 
ohmic resistance of about 40 ohms/cm?, and that the 
internal fiber resistance is 260 ohm cm or about 3.5 times 
that of the external medium. In a rigor similar to normal 
contraction the volume concentration, internal resistance, 
and membrane polarization exponent, a, are unchanged , 
while the membrane resistance and polarization impedance, 
2, increase. 


40. The Viscosity of Deuterium. H. C. Torrey. 
Columbia University.—In view of the considerable differ- 
ence between the effective collision cross sections of the 
hydrogen isotopes as measured by the molecular beam 
method, a comparison of the cross sections effective in 
viscosity has been made. The method employed was first 
used by A. O. Rankine (Proc. Roy. Soc. A83, 265 (1910)) 
to measure the viscosities of the inert gases. A falling 
mercury pellet drives the gas through a capillary tube, the 
time of fall between two given points being proportional 
to the coefficient of viscosity. The observations were 
carried on at room temperatures. As a check on the 
viscosimeter the viscosity of H: ws measured relative to 
dry air, the result checking Yen's generally accepted value 
(Phil. Mag. 38, 582 (1919)) within one percent. The ratio 
of the viscosity of D, to that of H, as determined by this 
method is 1.410+0.03. By using Yen's value, this gives 
for the viscosity of D, at 23.0 C: 124.4+2.5 micropoises. 
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According to simple kinetic theory, the viscosity of a gas 
varies directly with the square root of the mass and 
inversely with the collision cross section of a molecule. 
Consequently the above result shows that the molecular 
cross sections of the hydrogen isotopes effective in viscosity 
differ by less than two percent. 


41. Scattering of Potassium and Sodium Atoms in 
Various Gases. S. Rosin anv I. I. Rast, Columbia Uni- 
versity.—Narrow beams of neutral potassium and sodium 
atoms were scattered by traversing a limited region 
containing the scattering gas in question. The mean free 
path and consequently the collision cross section were 
evaluated from the reduction in the intensity of the beam 
when the gas was introduced into its path. Geometrical 
conditions were such that atoms deviated through an 
angle of one minute of arc or more were counted as scat- 
tered. The results for the effective collision radii and 
cross sections are shown in Table I. A striking result of 


Taste I. 





Collision Radius #12 (A) Cross Section re12" (A*) 





Gas Potassium Sodium Potassium Sodium 
He 7.47 701 175 154 
Ds 8.54 7.62 229 182 
He 7.25 6.44 165 130 
Ne 9.10 8.24 260 213 
A 13.6 11.3 581 402 





this experiment is the considerable difference in the collision 
cross sections for hydrogen and deuterium gas. This effect 
is much more marked in the case of potassium where the 
collision cross section is 30 percent larger for deuterium 
than for hydrogen, while the excess amounts to 18 percent 
in the scattering of sodium. 


42. Fluidity and Molecular Complexity. Evcene C. 
BINGHAM AND CHARLES E. Coomss, Lafayette College.— 
Numerous attempts have been made to connect the 
fluidity (or viscosity) of liquids with temperature or 
pressure as by means of the Batschinski relation. Fewer 
attempts have been made to relate fluidity to molecular 
complexity, through atomic constants of one kind or 
another. We propose for normal organic compounds a new 
relation log (F/¢)=AN+B---complexity formula (1), 
where F is the free volume already familiar from Bat- 
schinski’s study, N is the number of methylene groups in 
a straight chain of a homologous series, and A and B are 
constants. If substances are compared at equal free volume, 
the above equation becomes log »=AN-+C-- > viscosity- 
complexity formula (2), where C=B—log F). If, on the 
other hand, the fluidity is kept constant, a third new 
relation is log F=AN+D--- free volume-complexity for- 
mula (3), where D=B+log gp. If, however, the equation 
is applied to a single compound, N=N, and ¢=KF 
*++fluidity-free volunie formula (4), which is the Bat- 
schinski equation where log K = A N,+B. The authors will 
prove these formulas by using data for various classes of 
compounds. 


43. Equations for Diffusion of Gases Through Metals. 
W. R. Ham, The Pennsylvania State College—tin deter- 


mining the general equations for diffusion of gases through 
metals the fundamental flow equation from the kinétic 
theory of gases, vis., 


dm /dt = p(m/2eKT)*e%T 


may be applied in succession to ingoing surface, to the 
body of the metal and to the outgoing surface. Since in a 
steady state the rates at all points are equal, this gives a 
general equation for diffusion provided one expresses the 
relation between concentrations (or pressures) on the 
outside and inside and also the variation of concentration 
(or pressure) with distance on the inside. The latter is 
difficult to obtain from theoretical considerations. An 
empirical relation that fits existing experimental data is 
Pp: = p\(1—e™*), where p, is the pressure at depth x and p; 
the pressure just inside the incoming side. A solution of 
the three simultaneous equations gives 


dm /dt = | Aopi'(1 — e~*'*) — Aop” 

—dm/dt(1 —e~*!*)(m/2eKT)*e'T | (mj2xKT eT. 
Since the third term in the bracket is exceedihgly small 
compared with the other two and since the second is 
usually made small or corrected for in diffusion experi- 
ments, one obtains 


dm /di = A p&(1 —e~*'"*) (m, 2aKT)'e-'T, 


which may be written to a first approximation dm/dt 
= (Bp /x)T-te**4")'T and this, except for the T, is 
the Richardson equation. Several similar methods leading 
to the same result are discussed. 


44. The Diffusion of Hydrogen Through Highly De- 
gassed Palladium. J]. D. Sauter anp W. R. Ham, The 
Pennsylvania State College—A 30 mil sheet of palladium 
was heat treated for over a month until readings of .rates 
of diffusion at pressures from 1 cm to 74 cm could be 
reproduced between temperatures of 180°C and 800°C. 
The isothermals are exceedingly straight if log rate is 
plotted against log p except for the lowest values of p for 
high temperatures and except for increasingly high values 
of p for low temperatures. The slope varies from 0.535 to 
0.5 but goes through a maximum of about 0.585 at 248°C. 
This residual and variable excess above 0.5 is probably 
due to the presence of a small amount of unremoved 
nitrogen ‘in solution in the palladium. The deviations of 
the isotherms from a straight line at low temperatures and 
pressures seem predicted in the general formula as derived 
by one of us. We have yet to find a case in measurable 
diffusion in which the variation of adsorption on the 
ingoing surface is sufficient to affect the rate of diffusion. 


45. X-Ray Wavelengths and the Electronic Charge. 
J. A. Bearpen, Johns Hopkins University.—Refraction 
measurements on quartz have indicated that the ruled 
grating scale of x-ray wavelengths is correct. The pre- 
cision of refraction measurements has now been greatly 
increased by the use of a diamond prism 9X9X3 mm. 
The results of these measurements on the Cu X@ line are 
in complete accord with the ruled grating values. The 
error in the refraction measurements is not greater than 
0.01 percent. Thus it appears that without dopbt the ruled 
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grating measurements are correct. In view of the fact that 
studies of x-ray crystals have shown no evidence of the 
existence of a mosaic structure, it appears that it is entirely 
reasonable to calculate the charge on the electron from 
these x-ray measurements. Thus using the best ruled 
grating measurements, one obtains ¢=4.804X 10-™ e.s.u. 
By use of the Faraday, one obtains N = 6.023 x 10 mole“. 
Also the value of h is increased to 6.607 x 10-™ erg. sec. 


46. The Production of Pairs by Collisions of Particles. 
L. Norpueim, Purdue University. (Introduced by K. Lark- 
Horovits.)—By decomposing the field of a moving particle 
according to Fourier, its action can be replaced by that 
of a radiation field. In this way the vroduction of electron 
pairs by electrons traversing matter at high speed can be 
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calculated by means of the known formula of the produc- 
tion by gamma-rays. The effective cross section for the 
total production becomes 


Zro 2 28 €o : 
°"\137) 27s (1s met 


where ro is the radius of the electron, ¢» its initial energy, 
and Z the atomic number of the nuclei. To take the effect 
of screening into account, ¢o/mc* has to be replaced by 
137Z-+ if this is smaller. The above section is about 1/100 
of the section for gamma-rays. Also the contribution of this 
effect to the stopping of the electrons is about 1/100 
compared with the effect of energy loss by radiation. 
The derived approximate formulae hold for very high 
energies (¢.>>mc*) and give an upper limit only. 
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